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EXPOSURE METHOD AND APPARATUS, AND
METHOD FOR FABRICATING DEVICE WITH
LIGHT AMOUNT DISTRIBUTION HAVING
LIGHT LARGER IN FIRST AND SECOND
PAIRS OF AREAS

This 1s a Divisional of U.S. application Ser. No. 11/246,642
filed Oct. 11, 2005, which 1s a Continuation of International
Application No. PCT/IP2004/004522 filed Mar. 30, 2004.
The entire disclosures of the prior applications are hereby
incorporated by reference herein 1n their entirety.

TECHNICAL FIELD

The present invention relates to an exposure technology
used to transier mask-pattern on substrates such as waters in
a lithography process for fabricating various kinds of devices
such as semiconductor elements, liquid crystal displays, thin-
film magnetic heads and, more particularly to an exposure
technology using an illuminating technology related to the
so-called deformed illumination. Further, the present inven-
tion relates to a technology for fabricating the device using
the exposure technology.

BACKGROUND ART

The apparatus for the projection exposure of the batch
exposure system such as the step-and-repeat system or the
scan exposure system such as the step-and-scan system have
been used to transier the pattern of the reticle (or photo-mask
etc.) as the mask on the waters (or vitreous plate etc.) as the
substrates intended for exposure 1n the lithography process
tor fabricating semiconductor elements (or liquid crystal dis-
plays etc.). In the kind of apparatus for the projection expo-
sure, 1t 1s desirable to transtier various kinds of pattern on the
walers with each high resolution.

The transferred pattern that requires very fine high resolu-
tion 1s the so-called contact hole. The contact hole includes
the densely massed contact hole having a plurality of prede-
termined shaped aperture arranged with predetermined fine
pitch and the 1solated contact hole being substantially com-

prised of a single aperture. In order to transfer the pattern of

the former densely massed contact hole on the wafter with
high resolution, the so-called deformed 1llumination system
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(deformed light source system) which allows the amount of 45

light of the i1llumination light to be enlarged in one or more
areas (particularly four areas) being eccentric for optical axis
at the pupil plane of the illumination system, 1s effective (refer

to Japanese Patent Applications Laid-open No. He1 5-67558
(corresponding with U.S. Pat. No. 6,094,305) and NO. 2001 -

1’76766 (corresponding to U.S. Pat. No. 6,563,567)).
On the other hand, i order to transfer the pattern of the
later 1solated contact hole on the water with high resolution,

the illumination light to be enlarged in a relatively small
round area centering optical axis at the pupil plane of the
illumination system, that is, the 1llumination system that
allows the o value, being a coherence factor of the 1llumina-
tion system to be relatively lessened (hereinatter, 1t will be

the 1llumination system, which allows the amount of light of

50

55

called “small o i1llumination system” for convemence of 60

description), 1s known to be effective.

DISCLOSURE OF THE INVENTION

As described above, the pattern of the densely massed
contact hole with fine pitch and the 1solated contact hole can
be transferred on the water with high resolution through the

65
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deformed illumination system and the small ¢ illumination
system respectively. Recently with regard to this, for
example, 1n fabricating semiconductor elements, it 1s becom-
ing a requirement that transferring one reticle pattern being
formed, the pattern being of the contact hole, with various
kinds of pitch, which include the patterns ranging from the
contact hole arranged with great pitch, which can be substan-
tially regarded as the 1solated contact hole, to the densely
massed contact hole with fine pitch, on the water at one time
exposure.

For that reason, however, it 1s a disadvantage that when
using the deformed 1llumination system, the resolution 1s not
suificient for the contact hole with large pitch; while when
using the small o illumination system, the resolution 1s not
suificient for the densely massed contact hole with fine pitch.

Further, recently, for example, when fabricating semicon-
ductors, 1t has come to be demanded to transier the pattern of
the so-called contact hole densely massed 1n one direction,
which 1s arranged 1n the one direction with fine pitch and can
be substantially regarded as the 1solated pattern in terms of the
direction orthogonal to 1t, to water with high resolution.

However, 1t 1s a disadvantage that the resolution 1s not
suificient in the direction 1n which the pattern can be regarded
as the 1solated pattern, with using the traditional deformed
illumination system for this purpose. Whereas, it 1s not suifi-
cient 1n the direction 1n which the pattern 1s arranged with the
fine pitch, with using the small o 1llumination system.

Considering this problem, the first object of the present
invention 1s to provide an exposure technology for simulta-
neously transierring the pattern having various kinds of
pitches with high resolution respectively.

And the second object of the present invention 1s to provide
an exposure technology for transferring the pattern, which 1s
arranged 1n one direction periodically and 1s substantially
1solated (pattern densely massed 1n one direction) 1n terms of
the orthogonal direction, with high resolution.

And the third object of the present invention 1s to provide a
manufacturing technology for fabricating the device includ-
ing various kinds of patterns or including the pattern densely
massed 1n one direction with high accuracy and yet high
throughput.

The first exposure method according to the present inven-
tion, which 1s an exposure method for illuminating a mask
with an optical beam from an i1llumination system to expose a
substrate with the optical beam through the mask and a pro-
jection system, characterized in that a light amount distribu-
tion of the optical beam on a predetermined plane with respect
to the 1llumination system 1s set such that an amount of light
1s set larger 1n nine areas than in an area other than the nine
areas, the nine areas including a first area and eight areas, an
outer contour of the first area including an optical axis of the
illumination system, and the eight areas being arranged so as
to encompass the first area and each of the eight areas being
smaller than the first area.

According to the present invention, such a pattern that 1s
great 1n pitch and can be substantially regarded as the 1solated
contact hole by means of the optical beam passing through the
first area 1s transierred with high resolution, and the pattern
which includes the patterns ranging from the pattern with
around middle pitch to the pattern with fine pitch like the
densely massed contact hole by means of the optical beam
passing through the eight areas enclosing the first area, 1s
transierred with high-resolution. Accordingly, 1t 1s able to
simultaneously transier the patterns having various kinds of
pitches with high resolution respectively.

In this case, 1t 1s preferable that the first area to be located
at the center 1s an annular zone area. With the annular 1llumi-
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nation at the first area, the resolution and the depth of focus
might be improved in some cases. Furthermore, the amount of
light (1ntensity per unmit area e.g.) at the first area to be located
in the center may be made different from the amount of light
at the surround areas enclosing it.

Furthermore, as an example, the predetermined plane 1s a
pupil plane of the 1llumination system, and the mine areas in
which the amount of light on the predetermined plane 1s
greater than the amount of light at the area other than the nine
areas, comprises the first area, four second areas which are
arranged along a first circumierence that encloses the first
area and which are respectively smaller than the first area, and
tour third areas which are arranged along a second circum-
terence that encloses the first circumierence and which are
respectively smaller than the first area.

With this composition, the pattern having the around
middle pitch 1s transterred with high resolution by means of
the optical beam passing through the second areas, and the
pattern having the fine pitch 1s transferred with high resolu-
tion by means of the optical beam passing through the third
areas.

Furthermore, 1t 1s preferable that the first area, two of the
second areas, and two of the third areas are arranged along a
first straight line passing through the optical axis of the 1llu-
mination system, and the first area, the other two of the second
areas, and the other two of the third areas are arranged along
a second straight line which 1s orthogonal to the first straight
line and which passes through the optical axis of the 1llumi-
nation system.

The conventional pattern intended to transfer 1s two-di-
mensionally arranged along two directions orthogonal to
cach other (one of them will be called “arranging direction of
pattern”). Then, by making the direction of the first straight
line (or the second straight line) intersect the arranging direc-
tion of the pattern (preferably making 1t intersect at 45
degree), the pattern having various kinds of the pitches two-
dimensionally arranged can be transierred with high resolu-
tion respectively.

Further, the radius (r1) when the first area 1s made circular,
and the radn (r2, r3) when the second and third areas are made
circular are preferably set to the following bounds with the
maximum o value (this will be assumed a) of the 1llumination
system assumed to be a reference. In addition, also 11 the first
area, second areas, and third areas are set to other shape
different from the circles such as the square, the regular
hexagon or the shape having one quarter circle, the sizes of
them preferable equal those of the circulars. In addition, 11 the
first area 1s annular, the outer radius (rl1) 1s preferably setto the
bounds of an equation (1), as follows:

0.20<r1<0.40 (1)

0.0750=r250.20 (2)

0.0750=r3=0.20 (3)

If each area becomes smaller than the lower limit of the
equation (1), equation (2), and equation (3), there 1s a possi-
bility that the resolution deteriorates for some patterns from
among the patterns having various kinds of the pitches. On the
other hand, 1f each area becomes greater than the upper limait
of the equation (1), equation (2), and equation (3), there 1s a
possibility that the resolution deteriorates for the pattern hav-
ing fine pitch because this system will be close to the conven-
tional i1llumination system.

Next, the second exposure method according to the present
invention, which 1s an exposure method for 1lluminating a
mask with an optical beam from an illumination system to
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expose a substrate with the optical beam through the mask
and a projection system, has a step of setting a light amount
distribution of the optical beam on a predetermined plane
with respect to the i1llumination system 1s set such that an
amount of light 1s set larger 1n five areas than 1n an area other
than the five areas, the five areas including a first area of an
annular zone shape in which an outer contour of the first area
including an optical axis of the 1llumination system, and the
four areas being arranged so as to encompass the first area and
cach of the four areas being smaller than the first area.

According to the present invention, such a pattern that 1s
large 1n the pitch and can be substantially regarded as the
1solated contact hole 1s transferred by means of the optical
beam passing through the annular first area 1s transferred with
high resolution, and the pattern having fine pitch like the
densely massed contact hole by means of the optical beam
passing through the four areas enclosing the first area 1s
transierred with high resolution. Accordingly, 1t 1s able to
simultaneously transier the patterns having various kinds of
the pitches with high resolution respectively.

Further, as an example, the predetermined plane 1s a pupil
plane of the illumination system, and the five areas 1n which
the amount of light on the predetermined plane 1s greater than
the amount of light at the area other than the five areas,
comprises the first area and four second areas which are
arranged, at intervals of substantially 90 degree therebe-
tween, along a circumierence that encloses the first area and
which are respectively smaller than the first area.

With this composition, the pattern having the fine pitch 1s
transierred with high resolution by means of the optical beam
passing through the second areas. The conventional pattern
intended to transier 1s two-dimensionally arranged along two
directions orthogonal to each other (one of them will be called
“arranging direction of pattern”). Then, by making the direc-
tion, 1n which the second areas are arranged intersect the
arranging direction of the pattern (preferably making it inter-
sect at 45 degree), the pattern having various kinds of the
pitches two-dimensionally arranged can be transterred with
high resolution respectively.

Further, 1t 1s preferable that the radius (rl) when the first
area 1s made annular with 1ts contour assumed to be circular
and the radius (r2) when the second area 1s made circular 1s
preferably set within the bounds of the equations (1) and (2)
described above with the maximum o value (this will be
assumed o) of the 1llumination system assumed to be a ret-
erence. This enables the pattern having various kinds of the
pitches to be transierred with high resolution.

In the present invention, an optical beam generated from
cach of the areas which have large amount of light which are
arranged out of the optical axis of the illumination system on
the predetermined plane 1s linear polarization. In this case, a
direction of polarization of the optical beam on the predeter-
mined plane 1s substantially coincident with a circumierence
direction (that 1s, the optical beam may be S polarization).

Next, the third method for exposure according to the
present invention, which 1s an exposure method having a step
for 1lluminating a mask with an optical beam from an 1llumi-
nation system to expose a substrate with the optical beam
through the mask and a projection system, has a step of setting
a light amount distribution of the optical beam on a predeter-
mined plane with respect to the illumination system is set
such that an amount of light is set larger 1n three areas than 1n
the area other than these.

According to the present invention, 11 one direction dense
patterns are formed at the mask, the patterns are transierred
with high resolution the direction of which the patterns are
1solate by means of optical beam passing through the center of
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the three areas, and the patterns are transferred with high
resolution the direction of which the patterns are periodically
arranged by means of optical beam passing through the two
areas which sandwich the center area.

In this case, the three areas having large amount of light
include a first area near an optical axis of the 1llumination
system, and a second area and a third area which are arranged
along a straight line passing through the optical axis so as to
sandwich the first area. Alternatively, the three areas having
large amount of light include a first area near an optical axis of
the 1llumination system, and a second area and a third area
which are arranged with the approximately same distance
from the optical axis.

With these compositions, by providing (paralleling) the
direction of which the three areas are arranged to the direction
of which the one direction dense pattern 1s periodically
arranged, 1t 1s able to transier the one directional high density
pattern to the two directions of the 1solated and periodical
ones with high resolution.

In other words, 11 a pattern formed on the mask includes a
one directionally high density pattern which 1s periodically
arranged along a predetermined first axis and which 1s sub-
stantially 1solated 1n a direction of a second axis orthogonal to
the first axis, the three areas having large amount of light are
preferably arranged with a distance therebetween 1n a parallel
direction to the first axis. Whereby, it 1s able to transfer the one
directional high density pattern with high resolution along the
first axis and the second axis respectively. Further, the three
areas having large amount of light are preferably arranged
along a straight line which 1s parallel to the first axis and
which passes through the optical axis of the i1llumination
system.

Furthermore, a center area of the three areas having large
amount of light 1s preferably set such that an amount of light
of a center part thereof 1s smaller than an amount of light of a
part other than the center part. Whereby, it 1s able to increase
the resolution in the direction of which the pattern is 1solated
and to widen the depth of focus.

In this case, the center area 1s around an annular zone area
as an example. Furthermore, the center area comprises a
plurality of areas separated from each other. The plurality of
areas separated from each other, which are the center area, are
arranged along a predetermined straight line passing through
the optical axis of the illumination system on the predeter-
mined plane as an example. Furthermore, an arranging direc-
tion of the plurality of areas separated from each other, which
are the center area, 1s determined according to a size of the
center area as another example.

Further, the three areas have outlines which are the sub-
stantially same with each other as an example. Further, the
s1zes ol the three areas having large amount of light respec-
tively correspond to 0.1 times 0.2 times of a maximum ©
value of the 1llumination system. Whereby, the deep depth of
focus 1s obtained according to the simulation of the present
invention.

Furthermore, the two areas of the three areas having large
amount of light, which are arranged at both ends with respect
to the direction parallel to the first axis, may respectively have
longitudinal directions which are substantially coincident
with a direction parallel to the second axis. Whereby, 1t 1s able
to enhance the resolution corresponding to the one directional
high density pattern and to avoid the reduction of the amount
of light.

Further, the center area of the three areas having large
amount of light may have a longitudinal direction which 1s
substantially coincident with the direction parallel to the first
axis.
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Furthermore, an optical beam generated from a center area
of the three areas having large amount of light may linear
polarization, a directions of polarization 1s substantially coin-
cident with a direction parallel to the first axis.

Furthermore, an optical beam generated from a center area
of the three areas having large amount of light and optical
beams generated from the other two areas may have different
polarization states from each other. In this case, apolarization
direction of the optical beam generated from the center area
and a polarization direction of the optical beams generated
from the other two areas are orthogonal to each other.

Further, a size of the center area of the three areas having
great amount of light and sizes of the other two areas may be
different from each other.

Further, the optical beams generated from the other two
areas except for the center area of the three areas having large
amount of light may be respectively linear polarization. In
this case, for an example, the directions of polarization of
optical beams distributed 1n the other two areas on the prede-
termined plane may be respectively substantially coincident
with a circumierence direction (that 1s, the optical beam may
be S polarization).

Further, for an example, the predetermined plane 1s a pupil
plane of the illumination system. Furthermore, as another
example, a predetermined plane 1s the conjugate plane for the
pupil plane of the i1llumination system or the pupil of the
projection system (or 1ts conjugate plane). In this case, 1t 1s
obtained the highest resolution.

Next, the first exposure apparatus according to the present
invention, 1 an exposure apparatus which an 1llumination
system 1lluminates a mask with an optical beam; and a pro-
jection system which exposes a substrate with the optical
beam from the mask, characterized by comprising an optical
member which sets a light amount distribution of the optical
beam on a predetermined plane with respect to the i1llumina-
tion system such that an amount of light 1s set larger 1n nine
areas than 1n an area other than the nine areas, the nine areas
including a first area and eight areas, an outer contour of the
first area including an optical axis of the 1llumination system,
and the eight areas being arranged so as to encompass the first
area and each of the eight areas being smaller than the first
area.

According to the present invention, with the optical mem-
bers, 1t 1s able to simultaneously transfer patterns having
various kinds of pitch with high resolution respectively.

In this case, 1n order to more improve the resolution and the
depth of focus, 1t 1s preferable that the central first area 1s an
annular zone area.

Furthermore, as an example, the predetermined plane is a
pupil plane of the 1llumination system, and the nine areas in
which the amount of light at the predetermined plane 1s
greater than the amount of light at the area other than the nine
areas, comprises the first area, four second areas which are
arranged along a first circumierence that encloses the first
area and which are respectively smaller than the first area, and
tour third areas which are arranged along a second circum-
terence that encloses the first circumierence and which are
respectively smaller than the first area.

Furthermore, 1t 1s preferable that the first area, the two
second areas, and two of the third areas are arranged along a
first straight line passing through the optical axis of the 1llu-
mination system, and the first area, the other two of the second
areas, and the other two of the third areas are arranged along
a second straight line which is orthogonal to the first straight
line and which passes through the optical axis of the 1llumi-
nation system.
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Also 1n this case, the size of each area preferably satisfies
the conditions of the equations (1) to (3).

Next, the second exposure apparatus according to the
present invention, 1n an exposure apparatus which an 1llumi-
nation system which illuminates a mask with an optical beam:;
and a projection system which exposes a substrate with the
optical beam from the mask, characterized by comprising an
optical member which sets a light amount distribution of the
optical beam on a predetermined plane with respect to the
illumination system such that an amount of light 1s set larger
in five areas than in an area other than the five areas, the five
areas including a first area of an annular zone shape and four
areas, an outer contour of the first area including an optical
axis ol the i1llumination system, and the four areas being
arranged so as to encompass the first area and each of the four
areas being smaller than the first area.

According to the present invention, with the optical mem-
bers, 1t 1s able to simultaneously transier patterns having
various kinds of pitch with high resolution respectively.

Further, as an example, the predetermined plane 1s a pupil
plane of the illumination system, and the five areas 1n which
the amount of light on the predetermined plane 1s greater than
the amount of light at the area other than the five areas,
comprises the first area and four second areas which are
arranged, at intervals of substantially 90 degree therebe-
tween, along a circumierence that encloses the first area and
which are respectively smaller than the first area.

Also 1n this case, the size of each area preferably satisfies
the conditions of the equations (1) to (3).

Furthermore, as an example, the illumination system

includes an optical integrator which substantially uniformize
illuminance within an illuminant area on the mask on which
the optical beam 1s irradiated, and the optical member 1s
arranged at an incident side of the optical integrator 1n the
illumination system, and the optical member includes a dii-
fractive optical element which diffracts the optical beam to a
plurality of directions. In particular, with using a phase type
diffractive optical element, 1t 1s able to obtain high use-eifi-
ciency.

Furthermore, as another example, the 1llumination system
includes an optical integrator which substantially uniformize
illuminance within an illuminant area on the mask on which
the optical beam 1s 1rradiated, and the optical member 1s
arranged on the predetermined plane or a conjugate plane
thereol, and the optical member includes an aperture stop
defining an area in which an amount of light 1s enhanced on
the predetermined plane. The aperture stop has a simple struc-
ture and can easily set the preferable distribution of the
amount of light.

Further, the optical member can preferably set different
plural light amount distributions including a distribution
which enhances the amount of light at the plurality of areas.
Whereby, 1t 1s able to expose various kinds of pattern with
optimum 1rradiating condition.

In the exposure apparatus according to the present inven-
tion also, an optical beam generated from each of the areas
which have large amount of light and which are arranged out
of the optical axis of the illumination system on the predeter-
mined plane may be linear polarization. In this case, a direc-
tion of polarization of the optical beam on the predetermined
plane may substantially coincident with a circumierence
direction (that 1s, the optical beam may be S polarization).

Further, as an example, the optical member may further
includes a detlection member which generates optical beams
respectively distributed at different areas on the predeter-
mined plane, and a polarization setting member which sets
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polarization states of the optical beams generated from the
deflection member 1n the 1llumination system.

An example of the detlection member 1s a diffractive opti-
cal element which generates diffracted light to a plurality of
directions on an optical path of the 1llumination system.

Furthermore, the optical member includes movable mem-
bers which are arranged at an exit side of the deflection
member, and which can change a positional relation between
cach area outside the optical axis on the predetermined plane
and the optical axis of the illumination system, and the polar-
1zation setting member may be arranged between the detlec-
tion member and the movable member.

Further, the movable members may include at least one
movable prism which has an inclined plane through which an
optical beam distributed in a predetermined area including a
plurality of areas outside the optical axis except the first area
on the predetermined plane passes, the at least one movable
prism moves along the optical axis of the illumination system.

Further, the optical member includes at least one movable
prism which can change positions of a plurality of areas
which enclose the first area and which have greater amount of
light than an area other than the plurality of areas. The mov-
able prism, as an example, has an inclined plane through
which an optical beam distributed 1n a predetermined area
including a plurality of areas outside the optical axis except
the first area on the predetermined plane passes, and the
movable prism moves along the optical axis of the 1llumina-
tion system. Furthermore, the movable prism, as another
example, has a flat plane through which an optical beam
distributed 1n the first area passes and which 1s approximately
orthogonal to the optical axis of the 1llumination system.

Next, the third exposure apparatus according to the present
invention, 1 an exposure apparatus which an 1llumination
system 1lluminates a mask with an optical beam; and a pro-
jection system which exposes a substrate with the optical
beam from the mask, characterized by comprising an optical
member which sets a light amount distribution of the optical
beam on a predetermined plane with respect to the 1llumina-
tion system such that an amount of light 1s set larger 1n a first
area and a plurality of areas than in an area other than the first
arca and the plurality of areas, the first area substantially
including an optical axis of the 1llumination system, and the
plurality of areas being arranged outside the first areas,
wherein the optical member includes a deflection member
which generates optical beams respectively distributed at dif-
ferent arcas on the predetermined plane, and at least one
movable prism having a flat plane through which an optical
beam generated from the deflection member and distributed
in the first area passes and which 1s approximately orthogonal
to the optical axis of the 1llumination system and an inclined
plane through which an optical beam distributed 1n a prede-
termined area including a plurality of areas outside the optical
axis except the first area passes, to change a positional relation
between each area outside the optical axis on the predeter-
mined plane and the optical axis of the 1llumination system.

According to the present invention, with the deflection
member, 1t 1s able to simultancously transfer pattern having
various kinds of pitch with high resolution respectively. Fur-
ther, with the movable prism, 1t 1s able to adjust the charac-
teristic of the 1mage-forming according to the kind of the
pattern to be transierred.

In the present invention, as an example, the i1llumination

system 1ncludes an optical integrator which substantially uni-
formize illuminance within an illuminant area on the mask on

which the optical beam 1s 1irradiated, and the movable prism 1s
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arranged at an incident side of the optical integrator in the
illumination system, and the movable prism moves along the
optical axis.

Further, optical beams generated from the plurality of areas
arranged outside the first area are respectively linear polar-
ization (S polarization) in which the polanzation direction
thereol being substantially coincident with a circumierence
direction on the predetermined plane.

Further, the optical member can preferably set different
plural light amount distributions including a distribution
which enhances the amount of light at the plurality of areas
including the first area.

Next, the forth exposure apparatus according to the present
invention, 1n an exposure apparatus an illumination system
illuminates a mask with an optical beam; and a projection
system which exposes a substrate with the optical beam from
the mask, characterized by comprising optical members
which set a light amount distribution of the optical beam on a
predetermined plane with respect to the illumination system

such that an amount of light 1s set larger in three areas sepa-
rated from each other than 1n an area other than the three
areas.

According to the present invention, with using the optical
member, 1t1s able to transier the one direction dense pattern to
the two directions of the 1solated and periodical ones with
high resolution.

In this case, the three areas having large amount of light
preferably include a first area near an optical axis of the
i1llumination optical system, and a second area and a third area
which are arranged along a straight line passing through the
optical axis so as to sandwich the first area. Alternatively, the
three areas having large amount of light may include a first
area near an optical axis of the 1llumination optical system,
and a second area and a third area which are arranged with the
approximately same distance from the optical axis.

In these compositions, 11 a first axis direction 1n which a
high density pattern formed on the mask 1s periodically
arranged and a second axis direction in which the high density
pattern 1s arranged substantially 1solatedly, the second axis
direction being orthogonal to the first axis direction, the three
arcas having large amount of light are arranged with a dis-
tance therebetween in a parallel direction to the first axis
direction. Whereby, 1t 1s able to transier the one direction
dense pattern with high resolution along the first axis and the
second axis respectively. Further, the three areas having large
amount of light are arranged along a straight line which
passes through the optical axis of the 1llumination system and
which 1s parallel to the first axis.

Further, a center area of the three areas having large amount
of light 1s set such that an amount of light of a center part
thereol 1s smaller than an amount of light of a part other than
the center part. Whereby, 1t 1s able to increase the resolution in
the direction of which the pattern 1s 1solated and to widen the
depth of focus.

In this case, the center area 1s substantially an annular zone
area as an example. Furthermore, the center area comprises a
plurality of areas separated from each other as another
example. The plurality of areas separated from each other,
which are the center area, are arranged along a predetermined
straight line passing through the optical axis of the 1llumina-
tion optical system on the predetermined plane as an example.
Furthermore, an arranging direction of the plurality of areas
separated from each other, which are the center area, 1s deter-
mined according to a size of the center areca as another
example.

Further, the sizes of the three areas having large amount of
light respectively correspond to 0.1 times to 0.2 times of a
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maximum o value of the 1llumination system. Whereby, the
deep depth of focus 1s obtained according to the present
invention.

Further, 1n the present imvention, two areas of the three
areas having large amount of light, which are arranged at both
ends with respect to the direction parallel to the first axis,
respectively have longitudinal directions which are substan-
tially coincident with a direction parallel to the second axis.

Further, a center area of the three areas having large amount
of light has a longitudinal direction which 1s substantially
coincident with the direction parallel to the first axis.

Further, an optical beam generated from a center area ol the
three areas having large amount of light 1s linear polarization,
a directions of polarization 1s substantially coincident with a
direction parallel to the first axis.

Further, an optical beam generated from a center area of the
three areas having large amount of light and optical beams
generated from the other two areas may have different polar-
1ization states from each other. In this case, as an example, a
polarization direction of the optical beam generated from the
center area and a polarization direction of the optical beams
generated from the other two areas are orthogonal to each
other.

Further, a size of the center area of the three areas having
great amount of light and sizes of the other two areas may be
different from each other.

Further, optical beams generated from the other two areas
except for the center area of the three areas having large
amount of light are respectively linear polarization. In this
case, as an example, directions of polarization of optical
beams distributed 1n the other two areas on the predetermined
plane are respectively substantially comncident with a circum-
terence direction (S polarization).

Further, as an example, the optical member includes a
deflection member which generates optical beams respec-
tively distributed at different areas on the predetermined
plane, and the exposure apparatus further comprises a polar-
1ization setting member which sets polarization states of the
optical beams generated from the deflection member 1n the
illumination system. In this case, further, the optical member
includes a movable member which 1s arranged at an exit side
of the polanization member, deflection member, and which
can change a positional relation between the other two areas
except for the center area of the three areas having large
amount of light and the optical axis of the illumination sys-
tem, and the polarization setting member 1s arranged between
the detlection member and the movable member.

Further, the movable member includes at least one movable
prism which has an inclined plane through which an optical
beam distributed 1n a predetermined area including the other
two areas except for the center area on the predetermined
plane passes, and the at least one movable prism moves along
the optical axis of the 1llumination system.

Further, the optical member may include at least one mov-
able prism which can change positions of the other two areas
except for the center area of the three areas having large
amount of light. In this case, the movable prism, as an
example, has an inclined plane through which an optical
beam distributed 1n a predetermined area including the other
two areas except for the center area on the predetermined
plane passes, and the movable prism moves along the optical
axis of the illumination system.

Further, the movable prism, as another example, may have
a flat plane through which an optical beam distributed 1n the
center area on the predetermined plane passes and which 1s
approximately orthogonal to the optical axis of the 1llumina-
tion system. Further, as an example, the illumination system
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includes an optical integrator which substantially uniformize
illuminance within an illuminant area on the mask on which
the optical beam 1s 1rradiated, and the movable prism 1s
arranged at an incident side of the optical integrator in the
illumination system.

Further, a predetermined plane 1s, as an example, a pupil
plane of the 1llumination system. In this case, the 1llumination
system, as an example, includes an optical integrator which
substantially umiformize illuminance within an 1lluminant
area on the mask on which the optical beam 1s irradiated, and
the optical members include a diffractive optical element
which 1s arranged at an incident plane side of the optical
integrator in the 1llumination system. With this constitution, 1t
1s able to obtain a high efficiency.

Further, as another constitution of a predetermined plane
being the pupil plane, the illumination system includes an
optical integrator which substantially uniformize illuminance
within an i1lluminant area on the mask on which the optical
beam 1s 1irradiated, and the optical member 1s arranged on the
predetermined plane or a conjugate plane thereotf, and the
optical member includes an aperture stop defining the three
arcas. With this constitution, 1t 1s easily able to make the
distribution of the amount of light at a predetermined plane
desirable distribution.

Further, the optical members can preferably set different
plural light amount distributions including a light amount
distribution which enhances the amount of light 1n the three
areas. Whereby, 1t 1s able to transier various kinds of patterns
with high resolution.

Next, method for fabricating device according to the
present invention 1s method for fabricating device including
lithography process 1n which patterns are transierred to the
photosensitive material by using the exposure method or
apparatus according to the present invention. With the expo-
sure method or apparatus according to the present invention,
the mass production of devices including various kinds of
patterns or one direction pattern with high accuracy.

EFFECTS OF THE

PR

L1

SENT INVENTION

In the present invention, when setting the distribution of a
predetermined plane relating to the 1llumination system so as
to increase the amount of light at a predetermined nine or five
areas, 1t 1s able to simultaneously transier patterns having
various kinds of pitches with high resolution respectively.

Further, by making the center first area annular, it 1s able to
more improve the resolution and depth of focus. Furthermore,
by controlling the state of polarization of the optical beam, it
might be able to more improve the resolution and the like.

Furthermore, 1n the present mmvention, when setting the
distribution of a predetermined plane relating to the 1llumi-
nation system so as to increase the amount of light at a
predetermined three areas, it 1s able to transier one direction
patterns with high resolution.

Furthermore, if the pattern formed at the mask 1s periodi-
cally arranged along a predetermined first axis and includes
the one direction dense pattern which 1s substantially 1solated
in the direction of the second axis orthogonal to the first axis,
by arranging the three areas in which the amount of light 1s
great with distance 1n the parallel direction to the first axis, 1t
1s able to transfer the one direction dense pattern with high
resolution both directions of arranging the one direction
dense pattern to periodical and 1solatable ones. Further, 1n the
present invention, with setting the state of polarization of the
optical beam oriented from the three areas in which the
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amount of light 1s great, 1t might be to improve the resolution
and the like for a predetermined pattern.

BRIEF DESCRIPTION OF THE FIGURES IN THE
DRAWINGS

FIG. 1A shows a composition of a projection exposure
apparatus of the first embodiment according to the present

ivention, FIG. 1B shows an enlarged perspective view of
prism 71, 72 of FIG. 1A, FIG. 1C shows other example

composition of prism 71, 72;

FIG. 2 1s a plan view showing an example pattern of reticle
R;

FIG. 3 shows the distribution of amount of light to be set by
diffractive optical element 21 on the exit plane (pupil plane)
of the 1ly' eye lens 5, which includes the amount of light 1n
nine areas:

FIG. 4 shows the distribution of amount of light becoming,
large 1n five areas on the exit plane (pupil plane) of the fly' eye
lens 5;

FIG. 5 shows an evaluating result through simulation of the
transierred 1mage when exposure 1s made with the distribu-
tion of amount of light of FIGS. 3 and 4;

FIG. 6 A shows a modified example of assuming the center
ol the area to be annular, 1n the distribution of amount of light
of FIG. 3, and FIG. 6B shows another modified example of
the amount of light of FIG. 3;

FIG. 7A shows a distribution of amount of light in which
the amount of light becomes large 1n five areas including the
center of the annulus to be set by the diffractive optical ele-
ment 22 on the exit plane (pupil plane) of the fly' eye lens 5,
and FI1G. 7B shows a modified example of the distribution of
amount of light of FIG. 7A;

FIG. 8 shows an evaluating result through simulation o the
transierred 1mage when exposure 1s made with the distribu-
tion of amount of light of FIG. 7A;

FIG. 9 shows a modified example for the distribution of
amount of light of FIG. 3;

FIG. 10 shows a modified example of perspective view of
the prisms 71 and 72 of FIG. 1A;

FIG. 11A 1s a plan view of one example of the pattern of
reticle R 1 that becomes an object of exposure 1n the second
embodiment of the present invention, and FIG. 11B shows a
modified example of the pattern of reticle R 1;

FI1G. 12 shows a distribution of amount of light, which is set
by the diffractive optical element 22 A of FIG. 1A on the exat
plane (pupil plane) of the fly' eye lens 5 1n the second embodi-
ment of the present invention;

FIG. 13 A shows optical beams diffracted in the Y direction
by the pattern 52 of FIG. 11A, and FIG. 13B shows optical
beams diffracted i the X direction by the pattern 52 of FIG.
11A;

FIG. 14 shows an evaluating result of depth of focus (DOF)
through simulation of the transferred 1mage when exposure 1s
made with the distribution of amount of light of FIG. 12;

FIG. 15A, FIG. 15B, and FIG. 15C respectively show a
modified example for the distribution of amount of light FIG.
12;

FIG. 16 A shows the distribution of amount of light to be set
by the diffractive optical element 22 B of FIG. 1A on the exat
plane (pupil plane) of the fly' eye lens 5, and FIG. 16B shows
a modified example of the distribution of amount of light of
FIG. 16A;

FIG. 17 shows an evaluating result of depth of focus (DOF)
through stimulation of the transferred image when exposure 1s
made with the distribution of amount of light of FIG. 16 A;
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FIG. 18 shows a composition of a projection exposure
apparatus of the third embodiment according to the present
invention;

FI1G. 19 shows a pattern of the aperture stop 42 of FIG. 18;

FI1G. 20 shows a pattern of the aperture stop corresponding,
to the distribution of amount of light of FIG. 6;

FIG. 21 shows a pattern of the aperture stop corresponding,
to the distribution of amount of light of FIG. 7A;

FIG. 22A and FIG. 22B respectively show a pattern of the
aperture stop 42 A and 42 B of FIG. 18;

FI1G. 23 shows a main part of the illumination system of the
fifth embodiment according to the present invention; and

FI1G. 24 shows an example of the process for fabricating the
semiconductor device using the projection exposure appara-
tus of the embodiment according to the present invention.

BEST MODE FOR CARRYING OUT OF THE
INVENTION

The First Embodiment

A preferably first embodiment will be described accompa-
nying FIGS. 1 t0 9, as follows:

This embodiment applies the present invention when doing,
exposure with the projection exposure apparatus using an
illumination system which has a fly' eye lens as an optical
integrator (uniformizer or homogenizer).

FIG. 1A shows a composition of the projection exposure
apparatus of this embodiment, mn FIG. 1A, a KrF excimer
laser light source (wave-length 248 nm) 1s used as an expo-
sure light source 1. In addition, the laser light sources such as
an ArF excimer laser light source (wave-length 193 nm), aF,
laser light source (wave-length 157 nm), a Fr, laser light
source (wave-length 146 nm), or an Ar, laser light source
(wave-length 126 nm); or high frequency generating appara-
tus such as a high frequency generating light source of a YAGI
laser or a solid laser (for example semiconductor laser etc.)
can be used as an exposure light source 1.

An 1llumination light IL comprised of ultraviolet pulse
light as an optical beam for exposure (exposure beam) emit-
ted from exposure light source 1 goes into the first diffractive
optical element 21 through an optical path folding miller 3,
alter changing the cross-sectional shape of the optical beam
into the desirable shape with beam expander 2, and 1s changed
the optical beam DL which diffracts to the plural directions in
order to be obtained a predetermined distribution of amount
of light at a predetermined plane (for example pupil plane of
the 1llumination system) as described after. The diffractive
optical element 21 as a part of the optical member for setting
distribution of amount of light 1s mounted to arevolver 24, the
second diffractive optical element 22 having other diffractive
characteristic and further, diffractive optical element (not
shown) having another diffractive characteristic are also
mounted. In this embodiment, a main control system 17 con-
trolling over the all operation of the apparatus controls the
revolving angle of the revolver 24 through a driver 23, by
setting one of the diffractive optical element 21 and 22 etc. on
the optical path of the 1llumination light IL., can change the
condition of 1llumination.

In FIG. 1A, the optical beam DL diffracted by the diffrac-
tive optical element 21 1s gathered by a relay lens 4, 1s gath-
ered on an 1ncident plane of the fly' eye lens as an optical
integrator, through a first prism 71 and a second prism 72
(movable prism). In this case, the diffractive optical element
21 1s arranged at a position slightly deviated from a front
focus of the relay lens 4 to the exposure light source 1 than,
and the incident plane of fly' eye lens 5 1s approximately
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arranged at the position of the back focus of the relay lens 4.
Furthermore, a plurality of optical beams difiracted to the
different directions are respectively gathered at the different
areas on the icident plane of the fly' eye lens 5, a plane light
source (2-dimensional light source comprised of many light
source 1mages 1n this embodiment) of distribution approxi-
mately corresponding to the amount of light of the incident
plane 1s formed. With a combined lens system comprised of
the relay lens 4 and fly' eye lens 5, the exit plane of the
diffractive optical element 21 and the exit plane Q1 of the {1y
eye lens 3 have approximately be conjugate (1maging rela-
tion).

In this embodiment, the difiractive optical element 21, the
first prism 71, and the second prism 72 are corresponding to
an optical member for setting a predetermined distribution of
amount of light. As shown 1n FIG. 1B, the first prism 71 1s a
member which forms a parallel flat plate 71 at circular area of
which the center 1s an optical axis BX (discuss later) of a
illumination system, and forms a concave cone 71 b around
the circular area; the second prism 72 1s a member which
forms mmverted concave and convex for the first prism 71, and
forms a parallel tlat plate as a whole by combining with the
first prism 71. In addition, a optical beam passing the circular
area of the center of the first prism 71 and the second prism 72
(that 1s the optical beam traveling 1n a straight line along the
optical axis BX within the first prism 71 and the second prism
72) distributes to areas which are a center of a distribution of
amount of light on the exit plane Q1 on the fly' eye lens 5 1n
which amount of light 1s enhanced; a optical beam passing the
cone part (slope plane) around the first prism 71 and the
second prism 72 distributes to a plurality of areas (or a pre-
determined area including the plurality of areas) in which
amount of light1s enhanced around the distribution of amount
of light.

Further, at least one of the first prism 71 and the second
prism 72, for example in this embodiment, the second prism
72 1s only supported movably by a driving mechanism (not
shown), thus by changing the distance between the first prism
71 and the second prism 72 by moving the second prism 72
along the optical axis BX, the position of a plurality of periph-
eral areas in which the amount of light 1s great can adjust to
the radial direction, without changing the central distribution
(position of areas 28, 33 etc. described below) of the distri-
bution of amount of light at the exit plane Q1 on the fly' eye
lens 5.

In addition, a prism having not a cone buta pyramid may be
used instead of the first prism 71 and the second prism 72.
Furthermore, 1t 1s allow moving this position along the optical
axis BX by only using the first prism 71 instead of the first
prism 71 and the second prism 72. Further, as shown in FIG.
1C, 1t 15 allow using a pair of prisms 71A, 71B shaped like a
letter V which has diffractive power to one direction and has
not diffractive power to orthogonal direction, as the movable
prism. In addition, the prisms 71A, 71B are arranged so that
cach rectangle area (in this embodiment, the parallel flat
plate) of 1ts center 1s approximately orthogonal to the optical
axis BX and two slope planes of the around area are approxi-
mately symmetric with respect to a plane being orthogonal to
the paper of FIG. 1C including the optical axis BX.

With this composition, by changing the distance between
the prisms 71A, 71B, positions (distance from the optical axis
BX) of a peripheral area, in which amount of light 1s great,
concerning the above and below direction of the paperin FIG.
1C (e.g., corresponding to aY direction in FIG. 3 showing a
distribution of amount of light of an i1llumination light at a
pupil plane of an 1llumination system 12) changes. Therefore,
in order to adjust positions (distance from the optical axis BX)
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ol a peripheral area, 1n which amount of light 1s great, con-
cerning the orthogonal direction to that position (the orthogo-
nal direction to the paper 1n FIG. 1C, corresponding to an X
direction 1n FIG. 3), another pair of prisms 71C, 71D con-
structed by revolving the pair of prisms 71A, 71B by 90
degrees about the optical axis BX may be arranged. Whereby,
it 1s able to independently adjust each position (distance from
the optical axis BX) being orthogonal each other 1n which
amount of light 1s great.

In addition, however the prism described above whose
slope plane 1s the cone, pyramid, or shaped like a letter V the
center flat plate 1s the parallel flat plate, it may be aperture part
(hollow part) by cutting at lest one part of the center part, or
may be an integral solid by making a plurality of members
independently. In particular, the latter may be an integral solid
by only dividing the peripheral slope plate except the center
flat plate part into a plurality of parts.

In FIG. 1A, however 1f it 1s not necessary to change the
position of peripheral area 1n which the amount of light 1s
great to the radial direction, the first prism 71 and the second
prism 72 can be omitted.

In addition, the fly' eye lens 5 1s, as an example, a bundle of
many lens elements each of which has a rectangular cross-
section whose vertical and horizontal width 1s about a few of
millimeter, the shape cross-section of each lens element 1s
approximately similar to a slim piece of 1llumination area on
a reticle. However, a micro tly' eye lens constructed by bind-
ing many micro lenses whose shape cross-section 1s rectan-
gular with about a few tens of micrometer or circular with
diameter of about a few tens of micrometer can be used.

The i1llumination light IL. comprises optical beam emitted
from the fly' eye lens 5 1s onetime gathered on the plane Q2 by
a condenser lens system 6. A fixed field stop (fixed blind) 7 for
limiting an i1llumination area on a reticle R as an 1lluminated
target to a slim shape orthogonal to scan direction, 1.e., not-
scan direction 1s arranged at slight front side of the plane 2,
a movable field stop (movable blind) 8 on the plane Q2. The
movable field stop 1s used to prevent from useless exposure by
controlling the width of the scan direction of the 1llumination
area at the front and back of the scan exposure, and to limit the
width of the not-scan direction of the 1llumination area during,
the scan exposure. As an example, a reticle stage driving
system 16 described bellow controls open/close operation of
the movable field stop 8 through a driving section 13 in sync
with operation of the reticle stage.

The 1llumination light IL passing through the field stop 7
and 8, via a imaging-lens system 9, optical path folding miller
10, and main condenser lens system 11, illuminates a slim
illumination area on a circuit pattern area of a pattern plane (1t
will be called “reticle plane™ hereinatter) of the reticle R as a
mask with even intensity distribution. An illumination system
12 1s composed of the exposure light source 1, a beam
expander 2, the miller 3, the diffractive optical element 21 (or
other diffractive optical element), the relay lens 4, fly' eye lens
5, the condenser lens system 6, field stop 7, 8, the imaging-
lens system 9, the miller 10, and the main condenser lens
system 11. An optical axis of the illumination system 12 1s
regarded as the optical axis BX. In this case, the exit plane Q1
of the fly' eye lens 5 1s substantially coincident to an optical
Fourier transform plane for the pupil plane of the 1llumination
system 12, 1.e., reticle: the plane Q2 in which the movable
ficld stop 8 1s arranged 1s a conjugate plane with the reticle
plane. In addition, the fixed field stop 7, for example, may be
arranged near the reticle plane.

Under the illumination light 1L, the imaging-circuit pat-
terns within illumination area of the reticle R, via a projection
optical system PL of both side telecentrics as a projection
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system, transfers a resist layer of one shot area among a
plurality of shot areas on a water W as a substrate arranged on
an 1mage-forming plane of the projection optical system PL
with a predetermined downsizing magnification [ (for
example, [3 1s V4, U5 etc.). In addition, the reticle R and water
W 1s respectively regarded as a first object and second object.
Furthermore, the waler W as substrate for exposure 1s a cir-
cular substrate such as semiconductor (silicon etc.) or SOI
(s1licon on insulator) whose diameter 1s 200 or 300 mm, for
example.

An optical axis AX of the projection optical system PL 1s
coincident to an optical axis BX ofthe illumination system on
the reticle R. Furthermore, a pupil plane Q3 (optical Fourier
transform plane for the reticle plane) on the projection optical
system PL 1s conjugate with the exit plane Q1 (the pupil plane
of the 1llumination system 12) of the 1ly' eye lens 5. As the
projection optical system PL of this embodiment, other one
except the diffractive system can be used, for example, a
catadioptric projection optical system having a plurality of
optical systems having optical cross-axes each other as dis-
closed 1 Japanese Patent Application: TOKUKAI 2000-
47114 (corresponding to U.S. Pat. No. 6,496,306) or, for
example, a catadioptric projection optical system and the like
which has an optical system including an optical axis intends
from a reticle to a water and a catadioptric optical system
including an optical axis being approximately orthogonal to
that optical axis, and which forms an intermediate 1mage
twice 1n 1ts interior as disclosed 1n iternational publication
(WO): 01/065296 brochure (corresponding to US publication
2003/0011°733A1). It will be described the projection optical
system PL, with considering that a Z axis 1s paralleled to the
optical axis AX, a X axis 1s not-scan direction (the direction
parallel to the paper in FI1G. 1A, 1n this case) orthogonal to the
scan direction, and a’Y axis 1s the scan direction (the direction
orthogonal to the paper in FIG. 1A, 1n this case), as follows:

First, the reticle R 1s adsorbed and held on the reticle stage
14; the reticle stage 14 1s mounted so as to move with a
constant velocity along the Y direction on a reticle base 15,
and to slightly move along rotating directions about the X, Y,
and Z axis. The position of the reticle stage 14 1s measured by
a laser imterferometer i a reticle driving system 16. The
reticle driving system 16 controls the position and velocity of
the reticle stage 14 through driving mechanism not shown,
based on the measured information and control information
from a main control system 17.

On the other hand, the water W 1s adsorbed and held on a
waler stage 18 through water holder not shown; the water
stage 18 15 movably mounted 1n the X and Y directions on a
waler base 19. The position of the water stage 18 1s measured
by a laser interferometer 1n a watfer driving system 20. The
waler driving system 20 controls the position and velocity of
the water stage 18 through driving mechanism not shown,
based on the measured information and control information
from the main control system 17. Furthermore, a focusing
mechanism for fitting the surface of the wafer into the 1mage-
forming plane of the projection optical system PL 1s
assembled 1n the wafer stage 18 during the scan exposure,
based on measured information of an auto-focus sensor not
shown.

During scan exposure, under controlling of the main con-
trol system 17, the reticle driving system 16, and the water
driving system 20, operation of scanning one shot area on the
waler W to a corresponding direction (+Y or =Y direction) for
the slim exposure area (the 1llumination area of the i1llumina-
tion light IL being conjugated with the 1llumination area
concerning projection optical system PL ) with velocity p*VR
([ 1s projection magnification) through the wafer stage 18,
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and operation of step-moving the wafer W to the X, Y direc-
tions through the wafer stage 18 are repeated, 1n sync with
scanning the reticle R to the Y direction for the illumination
area 1lluminated 1llumination light with velocity VR through
reticle stage 14.

Next, an i1llumination system and an i1llumination method
will be described m detail.

FIG. 2 shows an example of a pattern (original pattern) for
transierring formed on a reticle R; in FI1G. 2, a 2-dimensional
pattern with three kinds of contact holes arranging pattern
25A, 258, and 25C of approximate squares with pitch P1, P2,
and P3 at the X, Y directions in a pattern region PA of the
reticle R. Each pattern 25A, 25B, and 25C may be a trans-
mission pattern formed 1n a light shielded film, or may con-
versely be a light shuelded pattern formed 1n a transmission
part. Furthermore, the width of each pattern 25A, 25B, and
25C 1s around equal to %2 or smaller than corresponding pitch
P1, P2, and P3 respectively, however, the width of pattern
25B, 25C with larger pitch can be around equal to pattern 25A
with most fine pitch. In this case, the pitch P1, P2, and P3 are
set to gradually become several-fold, as follows:

P1<P2<P3 (4)

If the projection magnification p of the projection optical
system PL 1n FIG. 1A 1s Va-fold, pitch P1, P2, and P3 on the
reticle plane are respectively set, as an example, around 300
nm, 600 nm, and 900 nm. That 1s, the original patterns on the
reticle plane include a first pattern for dense contact holes
with fine pitch, a second pattern for dense contact holes with
around middle pitch, and a third pattern for contact holes
arranged with large pitch substantially regarding as the 1so-
lated contact holes. In order to transfer an 1image of these
original patterns on waler onetime with high accuracy, as
shown FIG. 1A in this embodiment, with arranging the dif-
fractive optical element 21 on the optical path of an 1llumi-
nation light IL, the distribution of amount of light (strength
distribution) of the 1llumination light IL at the exit plane Q1
(pupil plane) of the fly' eye lens 5 as a predetermined plane.

FIG. 3 shows the distribution of amount of light of the
illumination light IL at the exit plane Q1 (pupil plane of the
illumination system) of the tly' eye lens 5. In this FIG. 3, the
direction on the exit plane Q1 corresponding to the X direc-
tionandY direction (1.e., the arranging direction of the pattern
to transfer) on the reticle R 1s respectively defined the X
direction and Y direction. Here, if the numerical aperture of
the object side (reticle side) of the projection optical system
PL 1n FIG. 1A 1s NA, the numerical aperture of the image side
(waler side) 1s NA ;. a relation 1s obtained with using the
projection magmfication [3, as follows:

NA=P-NAp; (5)

Further, it 1s defined that the maximum value among the
numerical apertures of the illumination light IL incident to the
reticle R from the illumination system 12 1s NA,, , the value of
rat1o (coherence factor) of the maximum numerical aperture
NA,, to the numerical aperture NA of the projection optical
system PL 1s called maximum ¢ value 1n this embodiment,
and maximum o value 1s o. That 1s, the 1llumination light of
maximum o value is the light incident on the reticle R with the
maximum angle among the illumination light IL. The maxi-
mum o value (0) can be expressed, as follows:

In a pupil plane of an 1llumination system shown 1n FI1G. 3,
a maximum outer circle 26 indicates an outer area passed
through virtual optical beam having the same numerical aper-
ture as the numerical aperture NA at the incident side of the
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projection optical system PL, an inner circle 27 indicates a
circle 1s tangent to areas passed through 1llumination light
having numerical aperture of the maximum o value (o); all
illumination light pass though within the circle 27. The 1llu-
mination light IL of this embodiment, in FIG. 3, approxi-
mately has a constant amount of light at nine areas with
distance each other which include a circular area 28 with
radius rl centered an optical axis BX of the i1llumination
system 12, four circular areas 29A, 29B, 29C, and 29D with
radius r2 whose centers are arranged along a first circle 32A
with radius R1 enclosing the area 28, and four circular areas
30A, 30B, 30C, and 30D with radius r3 whose centers are
arranged along a second circle 32B with radius R2 enclosing
the areas 29A to 29D, and has distribution of amount of light
of lower amount of light (approximate O 1n this embodiment)
at other areas than the constant amount of light. In addition,
the amount of light, near the outline of the area 28, areas 29 A
to 29D, and areas 30A to 30D, may have distributions which
gradually decrease toward the outside. The center arca 28
corresponds to a first area; the four areas 29A to 29D enclos-
ing the area 28 correspond to second areas; further the four
areas 30A to 30D enclosing the areas 29A to 29D correspond
to third areas. Hereinatter, the radii r1 to r3 and R1, R2
respectively indicates the length (distance between point
passed through the optical beam of the maximum o value and
the optical axis BX) corresponding the maximum o value (o)
as unit.

First, the center area 28 1s set larger than other eight areas
29A to 29D and 30A to 30D (r1>r2>r3). Further, since the
arranging directions of the 2-dimensional patterns as the tar-
gets to transier are the X direction and Y direction, 1t 1s
defined that a straight line crossed to the X direction by 45
degrees 1n clock winding 1s a straight line 31A; a straight line
(the straight line crossed to the X direction by 45 degrees 1n
counter clock winding) 1s a straight line 31B. Furthermore,
the center of the center area 28, the middle two areas 29 A and
29C, and other most outer two areas 30A and 30C 1s arranged
on the first straight line 31A; the center of the center area 28,
the middle other two areas 29B and 29D, and other most outer
two areas 30B and 30D 1s arranged on the second straight line
31B. That 1s, the eight areas 29A to 29D and 30A to 30D
enclosing the center area 28 are arranged along the two direc-
tions being orthogonal with revolving the two arranging
directions by 45 degrees, which are orthogonal, 1n which
patterns as the targets for transier.

Further, as an example, the radius rl of the area 28, the radi1
r2 of the areas 29A to 29D, and the radii r3 of the areas 30A

to 30D are set 0.3-fold, 0.1-fold, and 0.1-fold of the maximum
o value (o) (the radius of circle 27, after being simailar to this),
as follows:

r1=0.30 (7)

r2=r3=0.10 (8)

Further, the radius R1 of the first circle 32 A and the radius

R2 of the second circle 32B are set 0.55-fold and 0.9-fold of
the maximum o value (o), as follows:

R1=0.550 (9)

R2=0.90 (10)

In this case, the radial distance d1 between the outer of the
area 28 and the first circle 32A, and the radial distance d2
between the first circle 32 A and the second circle 32B are as
follows:

d1=0.250,d2=0.350 (11)
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In this case, the diffractive characteristic of the diffractive
optical element 21 1n FIG. 1A 1s set, so as to obtain the
distribution of amount of light in which the amount of light
approximately becomes constant at the area 28, the areas 29A
to 29D, and the areas 30A to 30D i FIG. 3 satistying the
condition of the equations (7) to (10): approximately
becomes 0 at other areas. For the reason, the diflractive opti-
cal element 21, as an example, can fabricate by forming a
concave and convex grating having approximately systemati-
cally along 1n the direction of the straight line 31A, and a
concave and convex grating having approximately systemati-
cally along 1n the direction of the straight line 31B of FIG. 3.
Alternatively, the diffractive optical element 21 may be a
combination of a plurality of phase type diffractive gratings.
In these cases, since the diffractive optical element 21 1s phase
type, 1t 1s advantage of high efficiency for using light. In
addition, 1t 1s able to use an optical element changing reirac-
tive mndex distribution corresponding to a diffractive grating,
distribution as an optical element 21. In addition, a construc-

tion and a method for fabricating having a specific diffractive
characteristic 1s closely disclosed, for example, 1n Japanese
Patent Application: TOKUKAI 2001-176766 (corresponding
to U.S. Pat. No. 6,563,576) by this applicant.

In addition, with setting the distribution of amount of light
obtained by the diffractive optical element 21 to around con-
stant amount of light at the areas including the area 28, the
areas 29A to 29D, and the areas 30A to 30D 1n FIG. 3, the
aperture stop, whose aperture 1s formed at the part corre-
sponding to the area 28, the areas 29A to 29D, and the areas
30A to 30D n FIG. 3, may be arranged at the exit plane Q1
(pupil plane) of the fly' eye lens 5 or 1ts conjugate plane. Also
in this case, 1t 1s advantage of high efficiency for using the
illumination light IL.

For this embodiment, this inventor have evaluated the CD
(critical dimension), through the simulation of the computer,
which 1s obtained by transferring a downsizing image of
pattern of contact holes with various kinds of pith arranged on
the reticle plane to the water through the projection optical
system PL, under the distribution of amount of light 1n which
the amount of light becomes constant at the nine areas com-
prising the area 28, the areas 29A to 29D, and the areas 30A
to 30D 1n FIG. 3 satisfying the condition of the equations (7)
to (10): becomes 0O at the other areas. The CD used 1s the line
width of patterns transferred. In addition, as this simulation,
the numerical aperture NA ., of the image side (wafer side) of
the projection optical system PL 1n FIG. 1A 1s 0.82, projec-
tion magnification [3 1s V4-fold, and the maximum o value (o)
1s 0.9, as follows:

[l

NA=0.82,p=14,0=0.9 (12)

The curve 36 in FIG. 5 shows the simulation result of the
CD value 1n case that the amount of light becomes constant at
the nine areas on the pupil plane, the horizontal axis 1s the
pitch (nm) of the pattern transferred on the reticle plane,
vertical axis 1s the CD value (nm) 1n FIG. 5. The pitch 280 to
1120 nm 1s equivalent of 70 to 280 nm at the water side. As
shown 1n the curve 36, with using the distribution of amount
of light 1n this embodiment, the preferable CD value having
approximately constant across the wide range of pitch 280 to
1120 nm.

Accordingly, with using the distribution of amount of light
on the pupil plane in FIG. 3 in this embodiment, the patterns
of the reticle R including three kinds of pitch in FIG. 2 can
onetime transier on the water with high accuracy.

In addition, the distribution of amount of light on the pupil
plane 1 FIG. 3 1s not satisfied the condition of the equations
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(7)to (10), the radius r1 of the area 28, the radi1 r2 of the areas
29A to 29D, and the radi1 r3 of the areas 30A to 30D may be

the ranges, as follows:

0.20<#1=0.46 (13)

0.0750<r2<0.26 (14)

0.0750=r3=0.26 (15)

Further, the radius R1 of the first circle 32 A and the radius
R2 of the second circle 32B may be changed up to around
+10% of the equations (9) and (10). Furthermore, the numeri-
cal aperture NA ., of the 1image side, the projection magnifi-
cation [3, and the maximum o value (0) in the projection
optical system PL can be taken any values though the values
described above. For example, 1n order to control the maxi-
mum o value (o), by changing the distance between prism 71
and 72 1n F1G. 1A, the radial position of the areas 29A to 29D,
and the areas 30A to 30D with peripheral area in which the
amount of light 1s great among the distribution of amount of
light 1n FI1G. 3 (the distance from the optical axis BX relating
to the X direction and Y direction) may only be changed.
Alternatively, as shown 1 FIG. 1C, by using two pairs of
prism 71A, 71B and 71C, 71D, the position of the areas 29A
to 29D, and the areas 30A to 30D with peripheral area in
which the amount of light 1s great among the distribution of
amount of light in FIG. 3 (the distance from the optical axis
BX) 1n the X direction and Y direction may independently
controlled.

In addition, about the distribution of amount of light 1n
FIG. 3, the amount of light of the center area 28 (e.g., intensity
per unit size) and that of the areas 29A to 29D, and the areas
30A to 30D may be different. Furthermore, the amount of
light of the four areas 29A to 29D along the peripheral first
circle 32A and that of the four areas 30A to 30D along the
peripheral second circle 32B may be different. The relative
amount of these lights may be adjusted so that the optimum
resolution 1s obtained for each pattern, for example.

Further, instead of the distribution of amount of light 1n
FIG. 3, as shown FIG. 6B, a distribution of amount of light
becoming great amount of light of the five areas including
four slim areas 130A, 130B, 130C, and 130D which are
substantially connected to the radial each two areas 29A, 29B,
29C, 29D, 30A, 30B, 30C, and 30D of the radial in FIG. 3
respectively and the center area 28 may be used. Also 1n this
case, 1t 1s almost able to transfer patterns having various kinds
of pitch with high resolution. In addition, 1n FIG. 6B, the
amount of light of the connecting parts of two areas 1n the
radial may around equal to that of the two areas, or may be
different from that of the two areas, for example smaller.

In addition, 1n order to more improve the resolution and
depth of focus than using the amount of light of FI1G. 3, an area
of annular may be used instead of the center area 28 as the first
area.

FIG. 6(A) shows a distribution of amount of light of the
illumination light IL on the exit plane Q1 (pupil plane of the
illumination system 12) of fly' eye lens 5 1n FIG. 1(A), when
the first area 1s the area of annular. In FIG. 6(A) with marking
the same notes to the parts corresponding to in FIG. 3, the
amount of light of the area 28R of annular consist of the outer
radius rl, the inner radius r1R, and the center of the optical
axis BX and that of the nine areas including the area 28, the
areas 29A to 29D, and the areas 30A to 30D are approxi-
mately constant; and amount of light of the 1llumination light
at the other areas 1s approximately 0. Furthermore, the value
of ratio of the outer radius r1 and 1nner radius r1R (=r1R/r1)
of the annular zone area 28R 1s any value between O and 1, as
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an example, 5 annular (r1R/r1=13), 2 annular (r1R/r1=1%),
%4 annular (r1R/r1=34) etc. can be used. The condition other
than it 1s the same as that of the case where the amount of light
in FIG. 3 15 used.

When the amount of light 1n FIG. 6A 1s used, the more
stable distribution of CD value can be obtained than the
simulation result of the CD value represented in the curve 36
of FI1G. 5. Further, the more stable CD value can be obtained
with wider depth of focus.

Further, in this embodiment, the light distributed at the
peripheral areas 29A to 29D, and the areas 30A to 30D in FIG.
6 A may be linear polarization. In this case, as an example, as
shown with an arrow mark AR, the light distributed at the
peripheral areas may be S polarization (vertical direction for
the incident plane) whose polarization direction 1s the tangent
direction. Whereby, the resolution etc. for the specific pattern
might be enhanced. It 1s the similar to the case of using the
distribution of amount of light in FIG. 3 or 6B.

In addition, if the light distributed at the peripheral eight or
four areas with area 1 which the amount of light 1s great
described above 1s non-polarization or whose polarization
direction 1s not coincidental to the circumierence direction,
for example, with arrangement polarization setting member
such as Y2 wave plate or 4 wave plate on the optical path
passed through the lights distributed at each area between
diffractive optical element 21 (deflection member) and the {1y
eye lens 5, the optical beam 1s preferably changed into that of
the linear polarization whose polarization direction 1s
approximately coincident to the circumierence direction. In
this case, the polarization setting member 1s preferably
arranged between one of the plurality of prisms (movable
member) described above which 1s arranged at the most
upstream side (light source side) and incident side, for
example the lens 4, or the diffractive optical element 21 and
the lens 4. In this case, 1t 1s not necessary to move the polar-
ization setting member 1n accordance with change of the
diffractive optical element or the traveling direction of the
optical beam (optical path) depending on modification of the
distance among the plurality of prisms; or not necessary to
enlarge the polarization setting member i expectation of
such change.

In addition, 1n the distribution of amount of light in FIG.
6B, the center circular area 28 may be the area of the annular
similar to FIG. 6A.

Further, the diffractive optical element 21 1n this embodi-
ment, however, sets the distribution of amount of light on the
pupil plane of the 1llumination system 12 as a predetermined
plane to a predetermined state; the predetermined plane may
be the pupil plane Q3 of the projection optical system PL. In
this case, 1f the reticle R 1s not 1n existence due to the diffrac-
tive optical element 21, the distribution of amount of light 1s
set which 1s approximately constant at the first area including
the axis AX and the eight areas enclosing 1t, and which 1s
lower at the other areas.

In addition, 1n the examples of FIG. 3 and FIG. 6 A of this
embodiment, the arca 28 (or 28R), each of the areas 29A to
29D, and the areas 30A to 30D, 1n which amount of light 1s
approximately constant on the pupil plane, 1s the circular (or
annular) however, each circular (or annular) can be an area of
cllipse (ellipse annular). Furthermore, as described bellow,
the area of circular (or annular) can be an area of polygon (or
frame shape of polygon), or can be combination of the area of
circular (or annular) and the area of polygon.

FIG. 9 shows possible another distribution of amount of
light on the pupil plane, as shown FIG. 9, the distribution of
amount of light 1s approximately constant at the center square
(right square or right hexagon etc. 1s possible) area 28 A, four
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square areas 30E to 30H enclosing it, and lower than it at the
other areas. In this case, the positions and sizes of the areas
may be respectively similar to those of the area 28, areas 29A
to 29D, and the areas 30A to 30D. In addition, 1f correspond-
ing to FIG. 6A, an area of frame type may be used instead of
the center area 28 A 1n FIG. 9.

Next, a second diffractive optical element 22 having dii-
terent diflractive characteristic 1s provided to the revolver 24
in FIG. 1A. With setting the second diffractive optical ele-
ment 22 on the optical path of the illumination light IL,
distribution of amount of light which 1s approximate constant
amount of light at the five areas of the exit plane Q1 (pupil
plane) of the fly-eye lens 5, and the lower (approximate O in
this embodiment) than 1t at the other area i1s obtained.

FIG. 7A shows a distribution of amount of light of the
illumination light IL on the exit plane Q1 (pupil plane) of
fly-eye lens 5 1n FIG. 1A, when the second difiractive optical
clement 22 1s used. In FIG. 7A with marking the same notes
to the parts corresponding to 1n FIG. 3, the distribution of
amount of light at five areas with distance each other includ-
ing an area 33R (first area) of circular annular consist of the
outer radius rl, the iner radius r1R, and the center of the
optical axis BX of the illumination system 12, and four cir-
cular areas 34 A, 34B, 35C, and 35D (second area) arranging
along the a circle 35 having radius R3 with radius r3 and 90
degrees distance enclosing the area 33R i1s approximately
constant; and 1s smaller (approximate O in this embodiment)
than the constant amount of light. In this case also, the outer
outline of the center area 33R 1s set larger than that of other
four areas 34A to 34D (rd4>15).

Further, the value of ratio of the outer radius r4 and inner
radius r4R (=r4R/r4) of the annular zone area 33R 1s any value
between O and 1, as an example, V5 annular (rdR/rd=14), V>
annular (rdR/rd=142), 34 annular (rdR/rd=/4) etc. can be used.
Further, the preferable range of the radius r4 1s similar to that
of the radius r1 of the equation (13), and the preferable range
of the radius R3 and radius r5 are similar to that of the radius
R2 of the equation (10) and radius r2 of the equation (14)
respectively.

Further, 1n this example, since the arranging direction of
the 2-dimensional pattern 1s the X direction and Y direction,
the outer four areas 34A to 34D are respectwely arranged
along the straight lines pass through the optical axis BX and
cross by 45 degrees 1n the X direction (or Y direction).

Further, as an example, the radius r4 of the area 33R, the
radius r5 of the areas 34 A to 34D, and the radius R3 of the

circle 35 are respectively set 0.2-fold, 0.1-fold, and 0.9-1old
of the maximum o value (o), as follows:

r4=0.30,75=0.10 (16)

R3=0.90 (17)

This mventor has evaluated the CD (critical dimension),
through the simulation of the computer, which 1s obtained by
transferring a downsizing image ol pattern of contact holes
with various kinds of pith arranged on the reticle plane to the
waler through the projection optical system PL, under the
distribution of amount of light 1n which the amount of light
becomes constant at the five areas comprising the area 33, and
the areas 34 A to 34D 1n FI1G. 4 satisiying the condition of the
equations (16) and (17); becomes 0 at the areas in addition
thereto. In addition, as this simulation, the exposure wave
length 1s ArF laser light, the numerical aperture NA ., of the
image side (waler side) of the projection optical system PL 1n
FIG. 1A 15 0.78, projection magnification f3 1s ¥4-fold, and the
maximum o value (o) 1s 0.9.
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The curves of line graph F1, F2 1n FIG. 8 show the simu-
lation result of the CD value 1n case that the amount of light
becomes constant at the five areas on the pupil plane, the
horizontal axis 1s the defocus amount of water (um), vertical
axis 1s the line width (um) (line width on water) of the pattern
well transferred as the CD value. Furthermore, approximate
flat curve F1 indicates simulation result for the pattern of
contact holes with line width 140 nm, pitch 220; mountain-
shaped curve F2 indicates simulation result for the 1solated
pattern with line width 140 nm. As shown F1, F2, approxi-
mately constant CD value with range 1n which the defocus
amount 1s around -0.2 um to 0.2 um 1s obtained. Accordingly,
various kinds of pattern from the 1solated pattern to the pat-
tern with fine contact holes with high accuracy and wide
depth of focus.

In addition, when the distribution of amount of light in FIG.
7A 15 used, for example, 1n order to control the maximum o
value (0), by changing the distance between prisms 71 and 72
in FI1G. 1A, the radial position (distance from the optical axis
BX relating to the X direction and Y direction) of the areas
34 A to 34D 1n which the amount of light 1s great in FIG. 7A
may be changed. Alternatively, as shown in FI1G. 1C, by using,
two pairs of prism 71A, 71B and 71C, 71D, the position
(distance from the optical axis BX) of the areas 34A to 34D
with peripheral area 1n which the amount of light 1s great
among the distribution of amount of light 1n FIG. 7A 1n the X
direction and Y direction may independently controlled.

Further, about the distribution of amount of light 1n FIG.
7A, 1t can be set the amount of light of the center area 33R
(e.g., intensity per unit size) and that of the peripheral four
areas 34A to 34D differ. The relative amount of these lights
may be adjusted so as to be obtained the optimum resolution
at each pattern for example.

Further, instead of the distribution of amount of light in
FIG. 7A, as shown FIG. 7B, a distribution of amount of light
becoming great amount of light of the area 134 which 1s a
starfish shape having an aperture at the center or a star shape
substantially connected the four areas 34A to 34D and the
center annular zone area 33R 1n the radial direction may be
used. The amount of light of the central part of the area 134
may be not 0 only smaller. Also 1n this case, it 1s almost able
to transfer patterns having various kinds of pitch with high
resolution.

In addition, when, 1n FIG. 7A, the peripheral areas 34 A to
34D and the center area 33R are connected 1n FIG. 7B, the
amount of light of the connected part getting longer to radial
direction may be around equal to those of the peripheral and

center areas, or may be different from those, for example
smaller than those.

Further, 1n this example, the light distributed at the periph-
cral areas 34A to 34D 1n FIG. 7A may be linear polarization.
In this case, as an example, as shown with an arrow mark AR,
the light distributed at the peripheral areas may be S polar-
1zation (vertical direction for the incident plane) whose polar-
1zation direction 1s the tangent direction. Whereby, the reso-
lution etc. for the specific pattern might be enhanced. It 1s the
similar to the case of using the distribution of amount of light
in FIG. 7B. The light distributing the peripheral area getting
longer to the radial direction, particularly its part correspond-
ing to the peripheral areas 34A to 34D in FIG. 7A may be the
linear polarization whose polarization becomes the tangent
direction. In addition, if the light distributed at the peripheral
areas 1s non-polarization or whose polarization direction 1s
not coincidental to the circumierence direction, as described
above, for example, it 1s preferable to provide polarization
setting member between the diffractive optical element 21
and the fly-eye lens 3.
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In order to compare, the simulation result 1n which the
amount of light 1s set constant at a circular area instead of the
center annular zone area 33R 1n FIG. 7A 1s represented.

FIG. 4 shows the distribution of amount of light 1n which
the amount of light 1s set constant at a circular area 33 1nstead
of the center annular zone area 33R 1n FIG. 7A, and the
amount of light 1s set constant at four areas 34A to 34D
enclosing it as with FIG. 7A.

In FIG. 4, as an example, the radius r4 of the area 33, the
radii r5 of the areas 34 A to 34D, and the radius R3 ofthe circle

335 are respectively set 0.2-1old, 0.1-1old, and 0.9-fold of the
maximum o value (o), as follows:

r4=0.20r5=0.1 (18)

R3=0.90 (19)

This mventor have evaluated the CD (critical dimension),
through the stmulation of the computer, which is obtained by
transferring a downsizing image of pattern of contact holes
with various kinds of pith arranged on the reticle plane to the
waler through the projection optical system PL, under the
distribution of amount of light 1n which the amount of light
becomes constant at the five areas comprising the area 33, and
the areas 34 A to 34D 1n FIG. 4 satisfying the condition of the
equations (18) and (19): becomes O at the other areas. In
addition, as this simulation, the values of the numerical aper-
ture NA,, of the image side (waler side) of the projection
optical system PL in FI1G. 1A, projection magnification {3, and
the maximum o value (o) are similar to the equation (12) in
the FIG. 3.

The dotted line curve 37 1n FIG. 5 shows the simulation
result of CD value 1in which the amount of light becomes
constant at the five areas of this pupil plane, as shown 1n the
curve 37; the CD value 1s low around pitch 500 to 700 nm.

Accordingly, it 1s understand that the case using the distri-
bution of amount of light 1n which the amount of light
becomes approximately constant at the nine areas on the pupil
plane 1 FIG. 3 can transfer the pattern across wider pitch
range with high resolution than the case of using the distri-
bution of amount of light 1n which the amount of light
becomes approximately constant at the five areas 1n FIG. 4.

The Second Embodiment

Next, the second embodiment according to the present
invention will be described accompanying F1G. 10to FI1G. 17.
Also 1n this embodiment, the exposure 1s fTundamentally per-
formed by using the scan exposure type projection optical
apparatus in FIG. 1A. In this embodiment, however, instead
of the diffractive optical element 21 1n FIG. 1A, a diffractive
optical element 22A (described bellow 1n detail) having dii-
terent characteristic 1s used. Accordingly, the diffractive opti-
cal element 22A, the first prism 71, and the second prism 72
are corresponding to an optical member for setting a prede-
termined distribution of amount of light. In this embodiment,
as with the first embodiment, the prism 71, 72 (or the first
prism 71 only) are used as movable prism.

Further, as shown FI1G. 10, 1t 1s allow using a pair of prisms
71A, 7T1B shaped like a letter V which has diffractive power to
one direction and has not diffractive power to orthogonal
direction, as the movable prism. In addition, the prisms 71A,
71B are arranged so that each rectangle area (1n this embodi-
ment, the parallel flat plate) of 1ts center 1s approximately
orthogonal to the optical axis BX and two slope planes of the
around area are approximately symmetric with respect to a
plane being orthogonal to the paper of FIG. 1A including the
optical axis BX.
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With this constitution, by changing the distance between
the prisms 71 A, 71B, positions (distance from the optical axis
BX) of a peripheral area 1n which the amount of light 1s great
concerning above and bellow of within the paper 1n FIG. 10
(for example, corresponding to X direction i FIG. 12
described bellow 1n which a distribution of amount of light of
an 1llumination light at a pupil plane of an 1llumination system
12) changes.

Next, an illumination system and an i1llumination method
will be described in detail. In this embodiment, a reticle RA 1s
loaded on the reticle stage 14 istead of the reticle R 1n FIG.
1A.

FIG. 11 A shows an example of a pattern (original pattern)
for transferring formed on the reticle RA loaded on the reticle
stage 14 1n FIG. 1A. In FIG. 11A, a pattern 52 for the one
directional high density pattern 1s formed, 1n which square
aperture patterns 51 having width a in the X direction and
width b 1n the Y direction, are periodically arranged in the X
direction (non-scan direction 1n this embodiment) with pitch
P at the pattern region PA. The pitch P 1s fine pitch (for
example, around 150 nm length converted to projection
image on waler W) which is close to approximate limited
resolution of the projection exposure apparatus in this
embodiment, the width a of the X direction 1s around 12 of the
pitch P, and the width b of the Y direction 1s around equal to
the width a to 10-fold (around a to 10a). The pattern 52 1s one
directional high density pattern which can regard an 1solated
pattern about the Y direction (scan direction in this embodi-
ment). In addition, though the pattern 52 1s the periodical
pattern arranging four aperture pattern 51 1n X direction, the
number of the aperture pattern 51 may be 2 or any than 2.
Further, though the aperture pattern 51 i1s the transmission
pattern formed 1n a light shielded film, a light shielded pattern
provided 1n transmission part may be used instead of 1t.

Further, another pattern 33 for one directional high density
pattern 1s also formed at a position distant from the pattern 52
in the Y direction, in which square aperture patterns 51 with
pitch Q larger than the pitch P. The pattern 52 and 53 are
actually small pattern whose length of X direction is a few um
or less, various kinds of other pattern (not shown) may be
formed on the pattern region PA of the reticle RA. further, as
shown 1n FIG. 11B, when pattern 52A, 32B, and 352C, 1n
which aperture pattern 51 1s arranged 1n the X direction with
pitch P respectively, are formed with considerably larger
pitch than pitch Pin the Y direction, each of pattern 52A, 52B,
and 52C 1s regarded as one directional high density pattern,
can be the target for transfer in this embodiment. In addition,
the plurality of periodic pattern may only be arranged with the
distance, so as to be 1solated for orthogonal direction (Y
direction) to the periodic direction, and their number may be
arbitrary.

In order to transfer image of these original patterns on
waler with high accuracy, as shown FIG. 1A 1n this embodi-
ment, with arranging the diffractive optical element 22A on
the optical path of an 1llumination light IL., the distribution of
amount of light (strength distribution) of the illumination
light IL at the exat plane Q1 (pupil plane) of the fly-eye lens 5
as a predetermined plane.

FIG. 12 shows the distribution of amount of light of the
illumination light IL at the exit plane Q1 (pupil plane of the
illumination system 12) of the fly-eye lens 5 1n FIG. 1A 1n this
embodiment. In this FIG. 12, the direction on the exit plane
Q1 corresponding to the X direction (periodically arranging
direction) andY direction (regarding as 1solated direction) on
the reticle R 1s respectively defined the X direction and Y
direction. Here, 1f the numerical aperture of the object side
(reticle side) of the projection optical system PL in FIG. 1A 1s
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NA, the numerical aperture of the image side (wafer side) 1s
NA ., , a relation 1s obtained with using the projection mag-
nification [3, as follows:

NA=P-NAp; (5) (as with the first embodiment)

Further, 1t 1s defined that the maximum value among the
numerical apertures of the 1llumination light IL incident to the
reticle R from the illumination system 12 1s NA ,, , the value of
ratio (coherence factor) of the maximum numerical aperture
NA,, to the numerical aperture NA of the projection optical
system PL 1s called maximum o value 1n this embodiment,
and maximum o value 1s 0,,. That 1s, the 1llumination light of
maximum C value 1s the light incident on the reticle R with the
maximum angle among the i1llumination light IL. The maxi-
mum o value (0,, ) can be expressed, as follows:

Oy =NA; /NA=NA; /(B-NAp ) (6A)

In a pupil plane of an illumination system shown 1n FIG.
12, a maximum outer circle 26 indicates an outer area passed
through virtual optical beam having the same numerical aper-
ture as the numerical aperture NA at the incident side of the
projection optical system PL, an inner circle 27 indicates a
circle 1s tangent to areas passed through illumination light
having numerical aperture of the maximum o value (o, ); all
1llumination light pass though within the circle 27. The radius
o of the circle 27 1s equal to o,,-NA, as follows:

GZNAIL:GIL NA :GIL' I?) NAPL

Further, in FI1G. 12, the origin point of the X axis andY axis
1s on the optical axis BX. The illumination light IL, in FI1G. 12,
has the distribution of amount of light with the approximate
constant amount of light at the three areas (hatched areas)
including the annular zone area 54 with the radius r4 which
centers on the optical axis BX of the illumination system 12
and the two circular areas 55A, 55B with the radius r5 sand-
wiching the area 54 1n the X direction; and with the smaller
amount of light (approximate O 1n this embodiment) than the
constant amount of light. That 1s, the centers of the three areas
54, 55A, and 55B are arranged along the straight line which
passes through the optical axis of the 1llumination system and
parallels the X axis (periodically arranging direction of one
directional high density pattern as target for transfer), the
distance between the each center of the area 55A and 55B
both ends and the optical axis BX 1s respectively R3.

Further, the annular zone area 54 has 1% annular 1n which
the 1nner radius 1s 2 of the outer radius r4, V3 annular in which
the inner radius 1s 15 of the outer radius r4, or 24 annular 1n
which the inner radius 1s 24 of the outer radius r4 and the like.
In addition, as shown FIG. 15A, the circular area 54 A with the
radius r4 can be used instead of the annular zone area 54.
Further, a plurality of areas substantially split can be used
instead of the annular zone area 54. Concretely, as shown 1n
FIG. 15C, the distribution of amount of light at the two
half-circular (or circular etc.) arcas S4A1, 54A2 splitinthe Y
direction (or X direction), 1n which the amount of light
become great, may be used instead of the annular zone area
54. In this case, the amount of light may become great at a
four-way split area 1n the X direction and Y direction (or
direction crossed these axes) instead of the annular zone area
54. Furthermore, distribution 1n which the amount of light
gradually decreases toward outer may be near the outline of
the area 34, S5A, 55B. The center area 54 1s corresponding to
the first area, and the two areas 34 A and 54B sandwiching 1t
1s respectively corresponding to the second area and third
area. Hereinafter, the radi1 r4, r3 and R3 respectively indicate
the radius o 1n the equation (6B) (distance between point

(6B)
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passed through the optical beam of the maximum ¢ value and
the optical axis BX) corresponding to the maximum o value
(0, ) as unit.

In this embodiment, the radii rd, r5 are preferably set within
around 0.10 to 0.20 respectively, as follows:

0.10<r4=0.20 (21)

0.10<r5<0.20 (22)

It the values of the radu r4, rS are smaller than the lower
limit of the equation (21), equation (22), the depth of focus of
the projection optical system PL becomes shallow for the
optical beam 1n the 1solated direction of one directional high
density pattern; if the values of the radi1 r4, S are greater than
the upper limit of the equation (21), equation (22), the depth
of focus of the projection optical system PL becomes shallow
for the optical beam 1n the periodic direction of one direc-
tional high density pattern (described bellow 1n detail). Fur-
thermore, radius rd4 and radius r3 are preferably equal, as
follows:

rde=rS

Further, the areas S5A and 55B of each end 1n FIG. 12 are
inscribed to the circle 27 of the maximum o value. Accord-

ingly, the equation holds, as follows:

(23)

R3=0-75 (24)

In this case, the diffractive characteristic of the diffractive
optical element 21 1 FIG. 1A 1s set, so as to obtain the
distribution of amount of light in which the amount of light
approximately becomes constant at the area 54, the areas
55 A, 55B 1n FIG. 12 satistying the condition of the equations
(21) to (24); approximately becomes O at other areas. For the
reason, the difiractive optical element 22A, as an example,
can fabricate by forming a concave and convex grating having
approximately systematically along in the direction of the
straight line 31 A, and a concave and convex grating having
approximately systematically along the X axis of FIG. 12.
Alternatively, the diffractive optical element 22A may be a
combination of a plurality of phase type diffractive gratings.
In these cases, since the diffractive optical element 22A 1s
phase type, 1t 1s advantage ot high etficiency for using light. In
addition, 1t 1s able to use an optical element changing reirac-
tive index distribution corresponding to a diffractive grating
distribution as an optical element 22A. In addition, a con-
struction and a method for fabricating having a specific dif-
fractive characteristic 1s closely disclosed, for example, 1n
Japanese Patent Application Laid-open No. 2001-176766
(corresponding to U.S. Pat. No. 6,563,567) by this applicant.

In addition, 1t 1s allowed that the amount of light distribu-
tion obtained by diffraction optical device 22A is set to be
approximately the predetermined of light at a region includ-
ing regions 54, 55A and 55B 1n FIG. 12. Furthermore then, an
aperture stop where an aperture 1s formed at a portion corre-
sponding to the regions 54, S5A and 55B 1n FIG. 12 may be
disposed on the emission plane Q1 (pupil plane) of the fly eye
lens 5 1n FIG. 1A. Also 1n this case, advantage 1n which
utilization efficiency of the illumination light IL 1s high 1s
obtained.

There will be explained, while referring to FIG. 13, the
focus light flux, when 1lluminating the pattern 32 of the one
directional high density contact hole (one directional high
density pattern) of reticle RA 1n FIG. 11 A with the amount of
light distribution of the illumination light 1n FIG. 12.

FIG. 13A shows diffraction light (focus light flux) dif-
fracted in the 1solated Y direction from the pattern 52. FIG.
13B shows diffraction light (focus light flux) diffracted 1n the
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periodic X direction from the pattern 52. In FIGS. 13A and
13B, light beams 58, 59 and 60 show the illumination light IL.
passed through the regions 54, 55A and 55B on the pupil
plane of the 1llumination system 1n FIG. 12 respectively. The
diffraction light generated from the pattern 52 (aperture pat-
tern 51) due to the light beams 38, 39 and 60 generates, 1n the
Y direction, with distribution in which the diffraction light 1s
generated most strongly at the center, and the larger the tilt
angle, the lower the intensity decreases, as shown in FIG.
13A.

On the other hand, as shown 1n FI1G. 13B, there are positive
primary light 8P and negative primary light 538 M 1n addition
to zero-order light, 1n the diffraction light generated 1n the X
direction from the pattern 52 by illumination of the light beam
58 from the region 34 with optical axis BX 1n FIG. 12 as
center. At this point, the pattern 52 1s resolution limit, there-
fore, the positive primary light S8P and the negative primary
light 58M can not be passed through the projection optical
system PL in FI1G. 1. Further, the zero-order light generated in
the X direction from the pattern 52 by the 1llumination of the
light beams 39 and 60 from the regions 55A and 55B of both
ends 1 FIG. 12 1s taken to as the zero-order lights 59 and 60
respectively, as shown 1n FIGS. 13A and 13B. The pattern 52
of this embodiment 1s approximately the resolution limiut,
therefore, the positive primary light 59P from the pattern 52
due to one light beam 59 1s made incident into the projection
optical system PL in FIG. 1A 1n parallel to the other zero-
order light 60, while, the negative primary light 60M from the
pattern 52 due to the other light beam 60 1s made incident into
the projection optical system PL 1n FIG. 1A 1n parallel to one
zero-order light 59.

Further, wavelengths of incident light beams 58, 539 and 60
are taken to as A, exit angle in the X direction to the normal
line of the pattern 52 of the zero-order light 39 1s taken to as
0, and exit angle in the X direction to the normal line of the
pattern 52 of the zero-order light 60 1s taken to as -0, and 1n
FIG. 13B, among the other light beams 59, the light beam
passed through the adjacent aperture pattern 51 with interval
P of the X direction 1s taken to as the light beams 59A and
59B. In this case, differential value AA of the optical path
length between the positive primary light 539AP of the light
beam 59A and the positive primary light 59BP of the light
beam 59B equals to the wavelength A as follows:

AA=2-P-sin 6=\ (25)

Furthermore, the interval R3 1n the X direction between the
regions 35A and 55B, and the optical axis BX 1 FIG. 12

corresponds to sin 0 of the exit angle 0 of the zero-order light
of the light beams 59 and 60 in FIG. 13B as follows:

R3=0-r5=s1n O (26)

In addition, equation (26) corresponds to the case 1n which
tocal distance 1(Q1 at the side of the emission plane Q1 of the
partial optical system between the emission plane Q1 (pupil
plane) in the illumination system 12 in FIG. 1A and the reticle
plane 1s set to 1. Next relationship 1s approved from the
equations (25) and (26). Since, there 1s no unit of the interval
R3 of the equation (26), unit of both sides of next equation
becomes length.

P=WNQ2-R3)=N{2(0-r5)} (27A)

In other words, equation (27A) indicates resolution limit of
X direction (cycle direction) 1n the object plane (reticle plane)
of the projection exposure apparatus of this embodiment, 1n
which the larger 1s the interval R3 while making O larger or
while making radius r5 smaller, the less it 1s possible to make
the pitch P to be the resolution limit smaller. The pitch P 1s
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converted 1nto pitch 3-P as the following equation, which the
pitch 3-P 1s length on the wafer. The pitch -P becomes the
resolution limit 1n the X direction on the image plane (waifer
plane) of the projection optical system PL.

B-P=p-M{2(0-r5)} (27B)

In this embodiment, the wavelength A 1s setto 193.306 nm.
As one example, numerical aperture NA ., at the waler side of
the projection optical system PL 1s taken to be 0.83, projec-
tion scale factor {3 of the projection optical system PL 1s taken
to be Y4, oIl to be o value of 1llumination system 12 1s taken
to be 0.90, and radius r5 of the regions 55A and 55B 1n FIG.
12 1s taken to be 0.140, that 1s called as ““the first i1llumination
condition”. The resolution limit -P at the image plane side
under this condition becomes about 147 nm as shown 1n next
equation from relationship of the equations (6B) and (27B).

B-P=146.7 (nm) (28)

FI1G. 12 can be regarded as the drawing showing amount of
light distribution in the X direction 1n the pupil plane Q3 of the
projection optical system PL 1n FIG. 1A. In this case, the
regions 54, 55A and 55B in FIG. 12 correspond to position
through which the zero-order light of the 1llumination light IL.
1s passed, and the positive primary light 1n the X direction of
the 1llumination light IL according to the pattern 52 in FIG.
1A becomes distribution in which the amount of light distri-
bution in the circumierence 27 1s moved 1n parallel toward the
region in the circumierence 57 A with the spaced point S6 A as
the center, which the spaced point 56 A 1s spaced from the
optical axis BX (optical axis AX of the projection optical
system PL) by only interval 2-R3 1n the +X direction. Simi-
larly, the negative primary light in the X direction of the
illumination light IL according to the pattern 52 becomes
distribution in which the amount of light distribution 1n the
circumierence 27 1s moved in parallel toward the region 1n the
circumierence 578 with the spaced point 36 A as the center,
which the spaced point 56B 1s spaced from the optical axis
BX (optical axis AX) by only interval 2-R3 in the —X-direc-
tion. In this case, the positive primary light (or the negative
primary light) of the light beam passing through the region
535B (or 55A) passes through the region S5A (or 55B), there-
fore, the image of the pattern 52 1s projected on the water with
high resolution.

In addition, 1f a part of the positive primary light (negative
primary light) of the light beam passing through the region
55B (55A) 1s passed through within the circumierence 26, the
image of the pattern 52 1s imaged, therefore, actual resolution
limit 3-P at the image plane side becomes smaller value than
that of the equation (28).

Concerning this embodiment, the present inventor, 1n order
to obtain the optimum balance between radius r4 of central
region 54 and radius r3 of the regions 55A and 55B at both
ends 1 FIG. 12, has calculated depth of focus (DOF) of the
image according to the projection optical system PL with
simulation of the computer while varying the radius r4 gradu-
ally. The condition 1n addition to the rd4, at this time, 1s the
same as the above described first 1llumination condition, and
the radius r5 1s 0.140. Furthermore, the pitch P of the pattern
52, i FIG. 11A, 1s taken to be 145 nm to be approximate
resolution limit, and the width a in the X direction of the
aperture pattern 51 1s taken to be 70 nm, and width b in the Y
direction 1s taken to as 500 nm. It should be noted that the
pitch P, and the widths a and b are lengths which are converted
on the image plane of the projection optical system PL respec-
tively.

The curved line 61 1n FI1G. 14 shows the simulation results,
and the horizontal axis 1n FI1G. 14 1s the radius r4 (unit 1s a) of
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the region 54 (center a) of the center of FIG. 12, and the
vertical axis 1s calculation results of the depth of focus (DOF)
(nm) corresponding to the value of the radius r4. As known
from the curved line 61, there 1s obtained the depth of focus
more than approximate 100 nm within the range 1n which the
radius r4 1s from 0.1oto 0.20. In addition, when the radius r4
1s ol (=0.140), that 1s, when the radius rd=r5 1s approxi-
mately approved, there 1s obtained the deepest depth of focus.
In this case, even though some degree of unevenness exist on
the water as a substrate, curvature and the like occur on the
image plane within the above described exposure region by
aberration of the projection optical system PL or the like, or
certain degree of tracking error of the focus position remains
at the time of exposure in the scanning exposure method, for
instance, it 1s possible to transfer the one directional high

density pattern with high resolution. It should be noted that
when the radius r4 becomes smaller than degree of 0.10, the
depth of focus of the focus light flux 1n the 1solated direction
of the pattern 52 i FIG. 11A becomes narrow. On the other
hand, when the radius r4 becomes larger than degree of 0.20,
the depth of focus of the focus light flux 1n the cyclic direction
of the pattern 52 1 FIG. 11 A becomes narrow, by the flare
elfect of the light beam from the region 34 of the center of
FIG. 12.

In addition, in the pattern 53 of the one directional high
density contact hole existing in the position spaced from the
pattern 52 of FIG. 11A, arrangement direction 1s the same as
that of the pattern 52, and the pitch Q 1s larger than the pitch
P, therefore, the pattern 53 is transierred on the wafer with
high resolution under the above described 1llumination con-
dition.

As described above, by employing the amount of light
distribution on the pupil plane of this embodiment 1n FI1G. 12,
the pattern of the reticle RA including the pattern 52 of the
one directional high density contact hole of FIG. 11A 1s
capable of being transierred on the water W 1n the X direction
and the Y direction with high resolution.

In addition, for instance, when one directional high density
pattern with X direction as cyclic direction and one direc-
tional high density pattern with'Y direction as cyclic direction
are formed on the reticle RA of FIG. 11A, 1t 1s allowed that
arrangement direction of three regions 54, 55A 55B through
which the 1llumination light of FIG. 12 1s passed 1n parallel to
the cyclic direction of the pattern which has the smallest pitch
among them. At this time, three regions 34, 55A and 55B are
allowed to be disposed on the straight line 1n parallel to the
cyclic direction of one pattern which 1s passed through the
optical axis BX on the pupil plane of the illumination system
12 and whose pitch i1s the smallest one. At least one of 2
regions 35A and 55B except for the central region 54 1s
allowed that distance of the optical axis BX concerning the
direction 1n parallel to the cyclic direction of the other pattern
1S not zero, or the distance 1s allowed to be set 1n accordance
with the pitch of the other pattern, for instance.

Furthermore, numerical aperture NA , at the image side of
the projection optical system PL, the projection scale factor 3,
and the maximum o value (oIL) of the 1llumination system 12
are capable of taking arbitrary value without restricting the
value to the above described values. For instance, position
(distance of the optical axis BX concerning X direction to the
region 55B) 1n the radius direction of the regions 55A and 55B
where peripheral amount of light 1s large among amount of
light distribution of FIG. 12 1s allowed to be varied while
varying interval between prisms 71 and 72 of FIG. 1A to
control the maximum o value (oIL), or the interval R3 of FIG.
12. It 1s possible to control the maximum o value similarly,
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also by employing the V-type prisms 71 A and 72A of FIG. 10
instead of the prisms 71 and 72.

In addition, 1n the amount of light distribution of FIG. 12,
it 1s allowed that the amount of light (for instance, intensity
per unit area) of the center region 54 1s made different from
the amount of light of peripheral 2 regions 55A and 55B.
Relative largeness of these light quantities 1s allowed to be
adjusted so that the optimum resolution can be obtained every
transferring pattern, for instance. Furthermore, in this
embodiment, 1t 1s allowed that distributed light in peripheral
regions 35A and 55B of FIG. 12 may be made linearly polar-
1zed light. At this occasion, 1t 1s allowed that, as one example,
the light distributed on the peripheral regions S5A and 55B 1s
made S polarization 1n which the polarnizing direction 1s direc-
tion of the tangential line (vertical direction to incident
plane). By this matter, in some cases, resolution and so forth
to the specific pattern are improved.

In addition, when the lights which are respectively distrib-
uted at three regions having large peripheral amount of light
described above while being generated from the light source
1 are non-polarized lights, or the polarizing direction thereof
do not agree with the direction of the tangential line, 1t 1s
preferable that the lights are converted into the light beam of
the linear polarized light 1n which the polarizing direction
approximately agrees with the direction of the tangential line
upon disposing the polarization setting member such as a
half-wave plate or a quarter-wave plate or so forth on the
optical path through which the lights distributed at respective
regions are passed between the diffraction optical element 21
(deflection member) and the fly eye lens 5, for instance. At
this time, 1t 1s preferable that there 1s provided the polarization
setting member at incident side of one prism (movable mem-
ber), which 1s movable along the optical axis BX and disposed
at the most upstream (light source side) between one pair of
the prisms described above, for instance, between the mov-
able member and the lens 4, or between the diffraction optical
device described above and the lens 4. In this case, 1t 1s not
necessary to move the polarization setting member 1n accor-
dance with varnation of direction of travel of the light beam
(optical path) caused by exchange of the diffraction optical
device or interval change of one pair of prisms or so forth, or
it 1s not necessary to form the polarization setting member
largely 1n anticipation of its variation.

In addition, the diffraction optical device 22A 1n this
embodiment sets the amount of light distribution on the pupil
plane of the 1llumination system 12 as the predetermined
plane 1nto predetermined condition, however, the predeter-
mined plane 1s possible to be the pupil plane Q3 of the pro-
jection optical system PL of FIG. 1A. At this time, 1n the case
that the reticle RA does not exist caused by its difiraction
optical device 22A, the amount of light distribution, which
becomes approximately constant 1n the first region including,
the optical axis AX and 1n two regions putting the first region
therebetween, and becomes lower amount of light than 1t at
the region 1n addition thereto, 1s set 1n the pupil plane Q3 of
the projection optical system PL.

In addition, 1n this embodiment, the regions 54, S5A and
55B, which have approximately constant amount of light on
the pupil plane, have circular form (or annular form), how-
ever, outward form of those regions are possible to be respec-
tive oval regions. Further, outward form of each region 1s
possible to be rectangular region as described later, further-
more, outward form of each region 1s possible to be combined
between the circular (or oval) region and the rectangular
region.

FIG. 15B shows another possible amount of light distribu-
tion on 1ts pupil plane, as shown 1n FIG. 15B, the amount of
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light distribution becomes approximately the predetermined
of light at the frame shaped region 54B of the center rectan-
gular shape (regular hexagon or so forth 1s possible 1n addi-
tion to square), and at two rectangular regions 55C and 55D,
which put theregion 54B therebetween 1n the X direction, and
the amount of light distribution becomes low at the region in
addition thereto. In this case, position and area of the rectan-
gular (or frame shape) region are allowed to be approximately
the same as the position and area of the regions 54, 55A and
55B of FIG. 12.

Next, from the above described equations (27A) or (27B)
in the amount of light distribution of the 1llumination light on
the pupil plane of FIG. 12, 1t 1s seen that the larger 1s o to be
radius of the circumierence 27 and the smaller 1s the radius r3
of the regions 55A and 55B at both ends, the smaller 1t 1s
possible to minmimize the resolution limit P (or BP). However,
when the radius r5 becomes smaller than degree of 0.10, the
depth of focus becomes shallow. Consequently, there will be
explained the method capable of improving the resolution
while minimizing the radius r3 substantially and maintaiming
the depth of focus deep below. For that reason, there 1s pro-
vided the second diffraction optical device 22B having
slightly different diffraction property in the revolver 24 of
FIG. 1A. When the second diffraction optical device 22B 1s
mounted on the optical path of the illumination light IL, there
1s obtained the amount of light distribution, which becomes
approximately the predetermined of light at three regions 62,
63A and 63B of FIG. 16A, and becomes the amount of light
lower than 1t (approximate zero in this embodiment) in the
region in addition thereto, at the emission plane Q1 (pupil
plane) of the fly eye lens 5.

FIG. 16 A shows the amount of light distribution of the
illumination light IL 1n the emission plane Q1 (the pupil plane
of the 1llumination system 12) of the fly eye lens 5 1n FIG. 1A
in the case that the second diffraction optical device 22B 1s
used. In FIG. 16 A where the same sign 1s added to corre-
sponding partto FI1G. 12, there 1s settwo oval regions 63 A and
63B (the second region and the third region) having the shape
in which slender 1n the Y direction 1s external form, width in
the X direction 1s t, and length in the Y direction 1s h (h>t), so
as to put the circular region 62 (the first region) of the radius
r6 between these two oval regions 63A and 63B in the X
direction, with the optical axis BX of the 1llumination system
12 in FIG. 1A as the center, so that the interval from the
optical axis BX to each center becomes R4. Also in this
example, the center region 62 1s allowed to be the annular
shape. Two slender oval regions 63A and 63B are the over-
lapped region 1n which the region 1n the circumierence 27
having the radius o 1s overlapped by the region 1n the circum-
ferences 65A and 65B whose radi1 are NA (or o 1s possible)
by employing the positions 64A and 64B, which have the
interval of RS from the optical axis BX, as the center. On this
occasion, the interval R4 1s set longer than the interval R3
from the optical axis BX 1n FIG. 12 to the center of the regions
55A and 535B, the intervals R4 and RS are capable of being
expressed with the following equations.

RA=(0—1/2)>R3 (29A)

R5=RA+NA-1/2 (29B)

In order to bring the relation of R4>R3 1nto existence, on
the assumption that the equation (22) 1s already brought into
existence, %2 of the width t 1n the X direction of oval regions
63A and 63B, as one example, 1s set approximately to next
range. Similarly, the radius ré6 of the center circular region 62
1s set within the range of approximately the degree of two
times of /2.
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0.0250=1/2<0.0750 (30)

0.050<r6=0.160 (31)

More desirably, t/2 1s set to the degree of 0.050. The reso-
lution limit P 1 the X direction on the object plane of the
corresponding projection optical system PL to the equation
(27A) 1n these cases becomes smaller than the value of the
equation (27A) as the following equation.

P=W(2-R4)<N(2-R3) (32)

Also, concerning the 1llumination condition 1n FIG. 16A,
the present inventor, 1n order to obtain the optimum balance
between radius r6 of central region 62 and half width (t/2) of
the oval regions 63A and 63B at both ends, has calculated
depth of focus (DOF) of the image according to the projection
optical system PL by simulation of the computer while vary-
ing the radius r6 gradually. In the 1llumination condition (the
second 1llumination condition) on this occasion, the wave-
length A 15 set to 193.306 nm. Numerical aperture NA ., at the
waler side of the projection optical system PL 1s taken to be
0.83, projection scale factor p 1s taken to be V4, oIl to be ©
value of 1llumination system 12 1s taken to be 0.93, and the

haltf width (t/2) of the oval regions 63A and 63B 1s taken to be
0.050. In addition, the pitch P of the pattern 52, in FIG. 11A
of the object of transfer 1s taken to be 140 nm to be approxi-
mately resolution limit, and the width a 1n the X direction of
the aperture pattern 51 1s taken to be 70 nm. It should be noted
that the pitch P, and the widths a and b are lengths which are
converted on the image plane of the projection optical system
PL respectively.

The curved line 66 1n FIG. 17 shows the simulation results,
and the horizontal axis in FIG. 17 1s the radius r6 (unit1s o) of
the region 62 (center o) of the center of FIG. 16A, and the
vertical axis 1s calculation results of the depth of focus (DOF)
(nm) corresponding to the value of the radius r6. As known
from the curved line 66, there 1s obtained the depth of focus
more than approximate 250 nm within the range 1n which the
radius r6 1s from degree 01 0.050 to 0.160. In addition, when
the radius r6 1s 02 (=0.110), that 1s, when the radius ré6=t 1s
approximately brought into existence, there 1s obtained the
deepest depth of focus (about 350 nm). Accordingly, by
employing the illumination condition i FIG. 16 A, there 1s
obtained higher resolution to the one directional high density
pattern, and the deep depth of focus. In this embodiment, even
though the width 1 the X direction (cycle direction) of the
regions 63A and 63B of both ends in FIG. 16 A becomes
narrow, the areas of the regions 63A and 63B are approxi-
mately the same degree as the areas of the regions 55A and
55B 1n FIG. 12, theretfore, the deep depth of focus can be
obtained.

In addition, 1nstead of the center circular region 62 1n FIG.
16 A, as shown 1n FIG. 16B, 1t 1s also allowed that there may
be used the amount of light distribution where the amount of
light becomes large at the oval region 62A with X direction as
longitudinal direction, in which X direction 1s direction (that
1s, direction in parallel to arrangement direction of three
regions) perpendicular to the longitudinal direction of the
peripheral oval regions 63 A and 63B. In the amount of light
distribution 1 FIG. 16B, the amount of light of two oval
regions 63 A and 63B, which put the oval region 62 A therebe-
tween, becomes large. Thus, by making the central region 62
oval shape, 1n some cases, 1t 1s possible to improve resolution
in the 1solated direction with respect to the one directional
high density pattern without reducing the amount of light.

In addition, in the amount of light distribution of FIGS.
16 A and 16B, it 1s allowed that the amount of light (for
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instance, mtensity per unit area) of the center regions 62 and
62A 1s made different from the amount of light of peripheral

regions 63A and 63B.

Furthermore, it 1s also allowed that distributed light 1n
peripheral regions 63A and 63B in FIGS. 16 A and 168 may
be made linearly polarized light (for instance, longitudinal
direction 1s the polarizing direction). In particular, in the
amount of light distribution in FIG. 16B, as one example, 1t 1s
preferable that the light distributed at the peripheral oval
regions 63A and 63B 1s made the linear polarized light (S
polarized light) 1n which the polarizing direction 1s the lon-
gitudinal direction thereof as shown by the arrows PC and PB
(that 1s, the longitudinal direction 1s the direction correspond-
ing to 1solated direction of the pattern of the reticle 1n FIG.
11A). In this occasion, furthermore, 1t 1s preferable that the
light distributed at the center oval region 62A 1s made the
linear polarized light in which the polarizing direction 1s the
longitudinal direction thereof (that 1s, the longitudinal direc-
tion 1s the direction corresponding to the cycle direction of
pattern of thereticle 1n F1IG. 11A) as shown 1n the arrow PA2.
By this matter, 1n some cases, resolution and so forth to the
specific pattern are improved.

In addition, when the lights distributed at the peripheral
regions 63A and 63B are non-polanized lights, or the polar-
1zing direction thereol do not agree with the longitudinal
direction of the tangential line, 1n the amount of light distri-
bution 1n FIGS. 16 A and 16B, like the above, for instance, it
1s preferable that the polarization setting member 1s provided
between the difiraction optical device and the fly eye lens 5.
Similarly, in the amount of light distribution in FIG. 16B,
when the lights distributed at the center region 62A are the
non polarized lights, or the polarizing direction thereof does
not agree with the longitudinal direction, 1t 1s preferable that
its polarized condition 1s adjusted by the above polarization
setting member.

Third Embodiment

Next, there will be explained a third embodiment of the
present invention referring to FIG. 18 to FIG. 21. The first
embodiment uses member including the diffraction optical
devices 21, 22 as the optical member for setting the predeter-
mined amount of light distribution, on the contrary, this
embodiment uses the aperture stop as the optical member
thereof, and 1n FIG. 18, there 1s attached the same symbol to
a portion corresponding to FIG. 1A to omit its detailed
description.

FIG. 18 shows a configuration of the projection exposure
apparatus of this embodiment, in this FIG. 18, the 1llumina-
tion light IL from the exposure light source 1, 1s made incident
into the fly-eye lens 5 via the beam expander 2 and the mirror
3. There 1s disposed the aperture stop (a stop) 42 as the optical
member for obtaining the predetermined amount of light
distribution at the emission plane Q1 as the predetermined
plane, in the emission plane Q1 (the pupil plane of the 1illu-
mination system 12) of the tly-eye lens 5 of this embodiment.
The aperture stop 42 1s mounted on the revolver 41, and the
revolver 41 1s mounted with another aperture stop 44, and
turther, still another aperture stop (not shown in the draw-
ings). The present embodiment 1s so constituted that the 1llu-
mination condition 1s capable of being switched upon provid-
ing either of the aperture stops 42, 44 and so forth at the
emission plane Q1 (pupil plane) while controlling the rotation
angle of the revolver 41 via the driver 43 by the main control
system 17.

The 1llumination light IL passed through the aperture stop
42 illuminates a slender illumination region of the pattern
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plane (reticle plane) of the reticle R as the mask with uniform
intensity distribution via the condenser lens system 6, the
field stops 7, 8, the image-forming lens system 9, the mirror
10 and the main condenser lens system 11. The 1llumination
system 12 of the present embodiment 1s constituted by the
exposure light source 1, the beam expander 2, the mirror 3, the
fly-eye lens 5, the aperture stop 42 (or another aperture stop),
the condenser lens system 6, the field stops 7, 8, the image-
forming lens system 9, the mirror 10 and the main condenser
lens system 11. The constitution 1n addition to the above 1s the
same as the embodiment 1n FIG. 1A.

In this embodiment, the pattern on the reticle R of the
object of transier 1s the pattern including the contact hole
having three-kind of different pitches as shown in FIG. 2. The
aperture stop 42 1n FIG. 18, 1n accordance with this, forms
nine apertures 1 the shading plate to obtain the same amount
of light distribution as the amount of light distribution 1n FIG.
3.

FI1G. 19 shows the shape of the aperture stop 42. In FIG. 19,
in the aperture stop 42 comprised of the shading plate, the
aperture stop 42 1s formed with nine apertures each of which
1s spaced mutually, which include a circular shaped aperture
45 with the optical axis BX of the 1llumination system 12 as
the center, four circular shaped apertures 46 A, 468, 46C and
46D 1n which respective centers are disposed along the first
circumierence surrounding the aperture 435, and four circular
shaped apertures 47A,478, 47C and 47D 1n which the centers
thereot are disposed along the second circumierence sur-
rounding the apertures 46 A to 46D. In addition, positions and
shapes of the aperture 45, apertures 46 A to 46D, and apertures
47A to 47D are the same as that of the region 28, region 29A
to 29D, and regions 30A to 30D 1n which amount of light 1s
approximately constant on the respective amount of light
distribution in FIG. 3.

Accordingly, by employing the aperture stop 42, the
amount of light distribution on the emission plane Q1 (pupil
plane) of the fly-eye lens 5 becomes approximately constant
at nine regions shown in FIG. 3 like the first embodiment, and
becomes low at the region 1n addition thereto, therefore, 1t 1s
possible to transier the reticle pattern image including the
contact hole having various kind of pitch as FIG. 2 on the
waler at once with high resolution. In the case that the aper-
ture stop 42 1s used as this embodiment, the utilization etfi-
ciency of the illumination light IL decreases, however, there 1s
advantage that 1t 1s possible to set the amount of light distri-
bution at the predetermined plane (the pupil plane or so forth
of the illumination system 12) into the required condition
accurately using simple constitution.

In addition, 1t 1s also allowed to use an aperture stop (also
numbered 42) in which the center aperture 1s made the annu-
lar aperture 45R as shown 1n FI1G. 20, instead of the aperture
stop42 1n FI1G. 19, or by combining 1t. In this case, the amount
of light distribution, which 1s the same as FIG. 6 A, 1s obtained
accurately and easily, therefore, 1t 1s possible to further
improve the resolution or the depth of focus. In addition, 1t 1s
possible to form the amount of light distribution, which 1s the
same as that of FIG. 6B, upon coupling two apertures respec-
tively lined up 1n the radius direction at the aperture stop 42 in
FIG. 20.

Further, the aperture stop 44 in FIG. 18, as shown 1n FIG.
21, 1s the stop 1n which the annular region 33R 1n FIG. 7A and
corresponding parts to the regions 34A to 34D are made the
bracelet shaped aperture 48R and the circular shaped aper-
tures 49A to 49D respectively. Accordingly, by installing the
aperture stop 44 on the emission plane Q1 (pupil plane) of the
fly-eye lens 5, the amount of light distribution on the pupil
plane, like FIG. 7A, becomes approximately constant at five
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regions, and becomes approximately zero at the region in
addition thereto, therefore, there 1s obtained the wide depth of

focus and high resolution with respect to the patterns having
various kind of pitches.

In addition, 1t 1s possible to form the amount of light dis-
tribution, which 1s the same as that 1n FIG. 7B, upon coupling
the annular shaped aperture 48R to the circular apertures 49 A
to 49D 1n the aperture stop 44 1n FIG. 21.

In addition, 1n the present embodiment, a part other than the
aperture 1s taken to as the light shielding part in the aperture
stops 42, 44, however, 1t 1s also allowed that a part other than
the aperture 1s taken to as a light attenuating part (a part where
the light transmittance 1s small). In this case, 1n the amount of
light distribution on the pupil plane of the 1llumination sys-
tem, like FIG. 3, FIG. 6A and FIG. 7A, the amount of light
does not become zero 1n the region other than five regions or
nine regions. Further, in the present embodiment, the aperture
stop 1s disposed on the pupil plane or the conjugated plane
thereof of the 1llumination system 12, however, it 1s allowed
that the aperture stop 1s disposed on a part adjacent to the
incident plane of the fly-eye lens 5, for instance.

Fourth Embodiment

Next, referring to FIG. 22, a fourth embodiment of the
present invention will be explained. The second embodiment
employs the member including the diffractive optical ele-
ments 22A and 22B as the optical member for setting a
predetermined distribution of amount of light, whereas this
embodiment employs the aperture stop as 1ts optical member.
For this, 1n this embodiment, similarly to the third embodi-
ment, the scan exposure type of the projection exposure appa-
ratus of FIG. 18 1s employed for exposure. However, 1n this
embodiment, aperture stops 42A and 42B to be later
described are used 1nstead of the aperture stops 42 and 44 of
FIG. 18 respectively, and the reticle stage RA of FIG. 11A 1s
loaded onto the reticle stage 14 1nstead of the reticle R.

Also 1n this embodiment, 1t 1s assumed that the pattern of
the reticle RA, being an object of transier, 1s a pattern 352
including the pattern of one directional high density contact
hole that 1s arranged 1n a pitch P in the X direction shown in
FIG. 11A. In response hereto, the aperture stop 42A of FIG.
18 1s produced by forming three apertures in the shading plate
in order to obtain the distribution of amount of light identical
to that of FIG. 12.

FIG. 22A shows a shape of 1ts aperture stop 42A and 1n
FIG. 22A, the aperture stops 42A to be composed of the
shading plate has the three apertures including an annular
aperture 66 with the optical axis BX of the illumination sys-
tem 12 of FIG. 18 centered, and two circular apertures
arranged so as to hold 1ts aperture 66 between them, each of
which 1s spaced from each other. In addition, the position and
shape of the apertures 66, 67A and 678 are identical to areas
54, 55A and 55B having approximately constant amount of
light on the distribution of amount of light of FIG. 12 respec-
tively.

Accordingly, by employing the aperture stop 42, the dis-
tribution of amount of light on the exit plane Q1 (pupil plane)
of the fly-eye lens 5 becomes approximately constant in three
areas shown 1n FI1G. 12 similarly to the second embodiment,
and 1t becomes low 1n the area other than 1t, whereby the
image ol the pattern of the reticle including the pattern 52 of
the one directional high density contact hole can be trans-
terred onto the water with a high-resolution 1n the X direction
and the Y direction. In a case of employing the aperture stop
42 A like the case of this embodiment, the utilization effi-
ciency of the illumination light 1L 1s lowered; however there
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ex1sts an advantage that the simple configuration enables the
distribution of amount of light on a predetermined plane (the
pupil plane of the i1llumination system 12 or its conjugate
plane) to be accurately set 1n a desired state.

In addition, the second aperture stop 42B of FIG. 18, as
shown 1n F1G. 22B, 1s an aperture stop having the aperture 68
and slender oval apertures 69 A and 69B formed responding to
the circular area 62 and the slender oval areas 63 A and 63B of
FIG. 16A respectively. Accordingly, installing the aperture
stop 42B on the exit plane Q1 (pupil plane) of the tly-eye lens
5 of FIG. 18 enables the pattern of the one directional high
density contact hole to be transferred onto the water with a
high resolution and yet at a deep depth of focus, similarly to
the case of employing the 1llumination condition of FIG. 16 A.
In addition, i this embodiment, not only the aperture stops
42 A and 42B shown 1n FIG. 22 A and FIG. 22B, but also, for
example, the aperture stop forming the distribution of amount
of light shown 1n FIG. 15A to FIG. 15C and FIG. 16B can be

used.

Additionally, 1n this embodiment, the aperture stop may be
arranged not only on the pupil plane of the 1llumination sys-
tem 12 or 1ts conjugate plane, but also arranged closely to the
incident plane of, for example, the tly-eye lens 5. In addition,
in this embodiment, the section other than each of the aperture
stops 42A and 42B 1s assumed to be a shading section; how-
ever the section other than 1ts aperture may be assumed to be
a light-reducing section (the portion having less quantity of
light). In this case, with the distribution of amount of light on
the pupil plane of the i1llumination optical-system 12, the
amount of quantity does not become zero on the area other
than three areas.

Fifth Embodiment

Next, referring to FIG. 23, a fifth embodiment of the
present mvention will be explained. The above-mentioned
first to fourth embodiments employ the fly-eye lens as an
optical integrator (uniformizer or homogenizer), whereas this
embodiment uses an inner-plane reflection type integrator, for
example, a rod type integrator as the optical integrator.

FIG. 23 shows the main part of the illumination system of
the projection exposure apparatus of this embodiment, and
this optical system of FIG. 23 1s arranged, for example,
between the mirror 3 of the 1llumination system 12 and the
fixed field stop 7 o F1G. 1A. In FIG. 23, the 1llumination light
1L from the exposure light source, which 1s not shown 1n the
figure, enters the diffractive optical element 21 having an
identical configuration to that of the first embodiment or the
diffractive optical element 22A having an 1dentical configu-
ration to that of the second embodiment. The diffracted light
trom the diffractive optical element 21 (or 22A) 1s gathered 1n
nine (or three) areas on the plane Q4 as a predetermined plane
via arelay lens 152. In addition, the 1llumination light that has
passed through the plane Q4 1s gathered in the incident plane
of a rod integrator 151 via a condenser lens 153. In this case,
the plane Q4 1s approximately positioned at the frontal focus
plane of the condenser lens 153, and the incident plane of the
rod integrator 151 1s approximately positioned at the rear
focus of the condenser lens 153.

In addition, the exit plane Q5 of the rod integrator 151 1s a
conjugate plane with the reticle plane, the fixed field stop 154
1s arranged in the vicinity of this exit plane O3, and closely
hereto a movable field stop (not show in the figure) 1s
arranged. In addition hereto, the illumination light to be
injected from the rod integrator 151 illuminates a pattern of
the reticle, which 1s not shown in the figure, through the
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optical system similar to the 1imaging lens system 9 and the
main condenser lens system 11.

Also, 1n this embodiment, the distribution of amount of
light shown 1 FIG. 3 (or FIG. 12) on the plane (04 1s set by
using the diffractive optical element 21 (or 22A), thereby
enabling the image of the pattern (or pattern including the one
directional high density contact hole) including the variously
pitched contact holes to be transferred onto the water at a time
and with a high precision.

In addition, also 1n this embodiment, instead of employing,
the diffractive optical element 21, the aperture stop provided
with nine apertures similar to the aperture stop 42 of FIG. 19
and FIG. 20, or the aperture stop 44 of FIG. 21 may be
arranged on the plane Q4. Further, as described above, also 1n
this embodiment, when 1t 1s necessary to adjust the polariza-
tion state of the luminous flux 1n at least one out of a plurality
of the areas, for example, nine, five, or three areas, in which
the amount of light 1s enhanced with the distribution of
amount of light on the pupil plane of the 1llumination system,
for example, the foregoing deflection polarization setting
member may be 1nstalled on the plane Q4.

Further, 1n FIG. 23, the diffractive optical element 22B of
FIG. 1A for setting the distribution of amount of light of FIG.
16 A may be arranged instead of the diffractive optical ele-
ment 22A. In addition, as described above, when it 1S neces-
sary to adjust the polarization state of the luminous flux 1n at
least one out of three areas, in which the amount of light 1s
enhanced with the distribution of amount of light on the pupil
plane of the 1llumination system, for example, the foregoing
polarization setting member may be 1nstalled on the plane Q4.

In addition, one pair of the interval-variable prisms 71 and
72 (movable prisms) of FIG. 1A may arranged for example,
between a lens 152 of FIG. 23 and the plane (04 to make the
position in the radial direction of the area, in which the
amount of light of the vicimity 1s large, variable.

Additionally, as the rod integrator 151 can be used the
light-transmissive optical member that i1s of polygonal col-
umn shape, for example, of square column shape, of hexago-
nal column shape, etc. or the reflective member of such hol-
low metal etc. that 1s of polygonal column shape or of
cylindrical column shape as mentioned above.

In addition, the focus point of the 1llumination light 1L
(diffracted light) 1L by the condenser lens 153 should be
deviated from the incident plane of the rod integrator 151.

Further, in this embodiment, the plane (04 1s assumed to be
a predetermined plane (equivalent to the pupil plane of the
optical system or 1ts conjugate plane); however the predeter-
mined plane 1s not limited hereto, and for example, 1t may be
a plane between the rod integrator 151 and the reticle R (orthe
reticle RA). In addition, when, for example, any of the aper-
ture stops 42 and 44 (or42A and 42B) 1s employed instead of
the diffractive optical element 21 (or 22A etc.) or 1n combi-
nation thereoft, 1ts aperture stop may be arranged 1n the down-
stream side (reticle side) of the rod integrator 151.

Additionally, mm the above-mentioned first and fifth
embodiments, 1n a case where both of the foregoing difirac-
tive optical element and aperture stop are employed, thereby
to set the distribution of amount of light of the 1llumination 1L
on the pupil plane of the 1llumination system, when the dii-
fracted light to be generated from the difiractive optical ele-
ment 1s distributed on the aperture stop as shown 1n FIG. 3 or
FIG. 7A, the utilization efficiency of the illumination light
becomes highest (the loss of the amount of light of the illu-
mination light 1s minimized); however 1ts difiracted light does
not need to be accurately distributed as shown 1n FIG. 3 or
FIG. 7A. That 1s, the utilization efficiency of the 1llumination
light 1s lowered; however the difiractive optical element dii-
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terent from the foregoing diffractive optical elements (21 and
22) may be employed, thereby to distribute 1ts diffracted light
on a predetermined area including the area other than nine or
five areas.

In addition, the aperture stop that 1s used 1n conjunction
with the foregoing difiractive optical elements does not need
always to have five or nine areas shown 1n FIG. 19 to FIG. 21,
and the point 1s that 1t 1s enough to have the shading section or
the light-reducing section for setting the distribution of
amount of light of the diffracted light (1llumination light 1L),
which 1s generated from the difiractive optical element and 1s
distributed on the pupil plane of the 1llumination system or 1ts
conjugate plane, to the distribution of amount of light shown
in FIG. 3, FIG. 6 A, and FIG. 7A. For example, the diffractive
optical element, which 1s employed for setting the distribu-
tion of amount of light of FIG. 3 or FIG. 4, may be used 1n
conjunction with the aperture stop for partially shadowing or
light-reducing the center of the center arcas 29 or 33 of 1ts
distribution of amount of light, thereby to set the distribution
of amount of light of FIG. 6 A or FIG. 7A, and no necessity
exists for forming the aperture, which corresponds to its dis-
tribution of amount of light (of five or nine areas 1n which the
amount of light 1s enhanced) that should be set, on this aper-
ture stop.

In addition, 1n the above-mentioned first and fifth embodi-
ments, at least one part of the optical system (4; 152 and 153)
that 1s provided between the diffractive optical element to be
arranged within the 1llumination system and the optical inte-
grator (5; 151) 1s assumed to be a zoom lens (a focal system),
thereby to make the size of the nine or five areas, 1n which the
illumination light 1L on the pupil plane of the 1llumination
system 1s distributed, variable. Further, at least one pair of the
foregoing interval-variable prisms may be built 1n 1ts optical
system (4; 152 and 153). At this time, so as to distribute the
illumination light 1L on the center area (28; 33), each of the
vicinities of the apexes of one pair of the prisms 1s cut out,
thereby to assume the part, through which the i1llumination
light 1L to be distributed on the center area passes, to be an
approximately vertical plane to the light axis BX of the 1llu-
mination system.

Additionally, in the above-mentioned first and fifth
embodiments, by means of the formation optical system
(equivalent to the optical member), which 1s comprised of
only a plurality of the diffractive optical elements that are
arranged for replacement 1n the 1llumination system, or the
formation optical system having its plurality of the diffractive
optical elements and the optical system, in which at least one
of the foregoing zoom lens and one pair of the prisms 1s built,
combined, when the optical integrator 1s the fly eye lens 5, the
intensity distribution of the illumination 1L on 1ts imncident
plane 1s caused to change, and when the optical integrator 1s
the imnner-plane retlection type integrator 151, the range of the
incident angle of the illumination light 1L that enters the 1ts
incident plane 1s changed, thereby allowing the distribution of
amount of light (shape or size of the secondary light source)
of the 1llumination light 1L on the pupil plane of the 1llumi-
nation system, 1.e. the 1llumination condition of the reticle to
be changed arbitrarily. At this time, a plurality of the difirac-
tive optical element to be hold 1n the revolver 24 are not
limited to only the foregoing diffractive optical elements 21
and 22, and may include at least one out of the four diffractive
optical elements to be used, for example, for each of the
illuminating having small o, the annular illumination, the
bipolar 1llumination, and the tetra-polar illumination. In addi-
tion, the foregoing aperture stop may be combined with its
formation optical system. At this time, for example, one (1n-
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the aperture stop) out of the formation optical system may be
arranged 1n the upstream side of the optical integrator (be-
tween the light source 1 and the optical integrator), and its
aperture stop may be arranged 1n the downstream side of the
optical integrator.

In addition, in the above-mentioned first, and third, and
fifth embodiments, the pitch 1n the X direction of three pat-
terns 235 A to 25C shown 1n FIG. 2 1s identical to that in the Y
direction thereof respectively, whereby as shown 1 FIG. 3,
the straight lines 31 A and 31B, 1n which nine areas 1n WhJCh
the 1llumination 1L on the pupil plane of the i1llumination
system 1s distributed are arranged, intersect each other 1n the
optical axis of the 1llumination system; however when the
pitch 1n the X direction of three patterns 25A to 25C ditters
from that 1n the Y direction thereof, the straight lines 31 A and
31B do not itersect each other, that 1s, the distance 1n the X
direction to the optical axis differs from the distance in the Y
direction hereto 1n four middle areas 29A to 29D respectively,
and vyet the distance 1n the X direction to the optical axis
differs from the distance in the Y direction hereto 1n four most
peripheral areas 30A to 30D respectively. Additionally, the
number (kind) of the pattern to be formed on the reticle 1s not
limited to three, and it may be two or four, and the array
directions of the pattern does notneed always to coincide with
the X direction and the Y direction respectively.

In addition, in the above-mentioned first, third, and fifth
embodiments, by means of a plurality of the foregoing inter-
val-vaniable prisms, each position of the four or eight areas
except the center area, 1n which the light quantity on the pupil
plane 1s enhanced, 1s made variable; however the number of
its neighboring area 1s not limited to four or eight, and for
example, two 1s acceptable.

Additionally, 1n the above-mentioned second, and fifth
embodiments, 1n a case where both of the foregoing difirac-
tive optical member and aperture stop are employed, thereby
to set the distribution of amount of light of the 1llumination
light 1L on the pupil plane of the 1llumination system, when
the diffracted light that 1s generated from the difiractive opti-
cal system 1s distributed on the aperture stop as shown in FIG.
12 or FIG. 16A, the utilization efficiency becomes highest
(the loss of amount of light of the 1llumination light 1s mini-
mized); however its diffracted light does not need to be accu-
rately distributed as shown 1n FIG. 12 or FIG. 16 A. That 1s,
the diffractive optical element different from the foregoing
diffractive optical elements 22A and 22B may be employed,
thereby to distribute 1ts difiracted light on a predetermined
area including the area other than three areas even though the
utilization efficiency becomes low.

In addition, the aperture stop, which 1s used in conjunction
with the foregoing diffractive optical element, does not need
always to have the three apertures shown i FI1G. 22, and the
point 1s that 1t 1s enough to have the shading section or the
light-reducing section for setting the distribution of amount
of light of the diffracted light (the i1llumination light 1L),
which 1s generated from the diffractive optical element and 1s
distributed on the pupil plane of the 1llumination system or 1ts
conjugate plane, to, for example, the distribution of amount of
light shown 1n FIG. 12, FIG. 15 and FIG. 16A. For example,
the diflractive optical element which 1s employed for setting
the distribution of amount of light of FIG. 15A may be used in
conjunction with the aperture stop for partially shading or
light-reducing the center of the center area 54 A of 1ts distri-
bution of amount of light, thereby to set the distribution of
amount of light of FIG. 12, and no necessity exists for form-
ing the aperture corresponding to 1ts distribution of amount of
light which should be set (three areas 1n which amount of light
1s enhanced), on this aperture stop.
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In addition, 1n the above-mentioned second and fifth
embodiments, at least one part of the optical system (4; 152
and 153) that 1s provided between the diffractive optical ele-
ment to be arrange within the 1llumination system and the
optical integrator (4; 152 and 153) may be assumed to be a
zoom lens (a focal system), thereby make the size of three
areas, 1n which the illumination light 1L on the pupil plane of
the 1llumination system 1s distributed, variable. Further, one
pair of the foregoing interval-variable prisms may be built in
its optical system (4; 152 and 153).

Additionally, 1 the above-mentioned second and fifth
embodiments, by means of the formation optical system
(equivalent to the optical member), which 1s comprised of
only a plurality of the diffractive optical elements that are
arranged for replacement 1n the 1llumination system, or the
formation optical system, which has its plurality of the dii-
fractive optical elements and the optical system, 1n which at
least one of the foregoing zoom lens and one pair of the prisms
1s built, combined, when the optical integrator 1s the fly eye
lens 5, the intensity distribution of the 1llumination 1L on 1ts
incident plane 1s caused to change, and when the optical
integrator 1s the inner-plane-retlection type integrator 151,
the range of the incident angle of the 1llumination light 1L that
enters its incident plane 1s caused to change, thereby allowing
the distribution of amount of light (shape or size of the sec-
ondary light source) of the illumination light 1L on the pupil
plane of the 1llumination system, 1.¢. the 1llumination condi-
tion of the reticle to be changed arbitranly. At this time, a
plurality of the diffractive optical element to be hold 1n the
revolver 24 are not limited only to the foregoing diffractive
optical elements 21 and 22, and may include at least one out
of the four diffractive optical elements to be used for, for
example, each of the small o 1llumination, the annular 1llu-
mination, the bipolar illumination, and the tetra-polar 11lumi-
nation. In addition, its formation optical system and the fore-
going aperture stop may be combined.

At this time, for example, one (including the foregoing
diffractive optical element etc.) except the aperture stop out of
the formation optical system may be arranged in the upstream
side of the optical integrator (between the light source 1 and
the optical integrator), and its aperture stop may be arranged
in the downstream side of the optical integrator.

In addition, 1n the above-mentioned second, fourth, and
fifth embodiments, the pattern being an object of transfer, 1s
the pattern of the one directional high density contact hole
(one directional high density contact hole); however the pat-
tern, being an object of transfer, can be regarded as a pattern
that 1s substantially 1solated in one direction, and 1t 1s apparent
that any pattern 1s acceptable so log as 1t 15 a pattern including,
the pattern to be periodically formed 1n the direction inter-
secting 1t (for example, orthogonal hereto).

Further, in the above-mentioned second, fourth, and fitth
embodiments and 1ts modified examples, three areas in which
the amount of light 1s enhanced with the distribution of
amount of light of the 1llumination light 1L on the pupil plane
of the illumination light system 12, which 1s substantially
conjugate with the pupil plane Q3 of the projection optical
system PL, or 1ts conjugate plane (or predetermined plane),
are adapted to be arranged along a straight line, which 1s
parallel to the periodical direction of the foregoing one direc-
tional high density pattern, on 1ts predetermined plane, and
passes through the optical axis of the illumination optical
light system, however its three areas do not need always to be
arranged on the identical straight line. For example, out of the
three areas, at least one of the remaining two areas except the
center areca may be deviated from the above-mentioned
straight line 1n the Y direction, and 1ts two areas are caused to
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differ from each other 1n the distances to the optical axis of the
illumination system with regard to the Y direction light.

In addition, in the above-mentioned second, fourth, and
fifth embodiments and 1ts modified examples, the center area
out of the foregoing three arcas may be not only of circle
shape but also of annular shape or of square frame shape;
however 1ts shape (distribution of amount of light) 1s not
restricted hereto. That 1s, with 1ts center area, similarly to the
annulus etc. the amount of light of the center thereof may be
set to be smaller than that of other part, and for example, it
may be comprised of a plurality of the areas (its shape 1s
arbitrary), each of which is separated from the other. At this
time, 1ts number or position of the plurality of the areas may
be set so that the gravity center of amount of light of the center
areca approximately coincides with the optical axis of the
illumination system, and for example, the number 1s prefer-
ably the total 2 n of n areas (n 1s a natural number) in which the
center (gravity center) 1s out of the optical axis and the dis-
tances to the optical axis are approximately 1dentical, and n
areas which are symmetrically arranged to these n areas with
regard to the optical axis. In addition, the plurality of the areas
cach of which 1s separated from the other in 1ts center area
may be arranged 1n a predetermined straight line that passes
through the optical axis of the illumination system 12 on the
foregoing predetermined plane, and, for example, may be
arranged along the i1dentical straight line, and for example,
may be two areas to be arranged along the 1dentical straight
line. Further, with the plurality of the areas each of which 1s
separated from the other 1n 1ts center area, 1ts array direction
may be decided responding to the size of its center area
(equivalent to the o value), and it 1s preferable that 1ts array
direction 1s caused to approximately coincide with that (X
direction) of the foregoing three areas, for example, when the
s1ze of the center area 1s relatively small, and conversely, 1t 1s
preferable that its array direction i1s caused to be approxi-
mately orthogonal to that (X direction) of the foregoing three
areas (that 1s, 1t 1s assumed to the Y direction).

Moreover, in the above-mentioned second, fourth, and fifth
embodiments and its modified examples, while the positions
of the remaining areas except the center area out of the fore-
going three areas, 1.e. the distances to the optical axis of the
1llumination system with regard to the direction (X direction)
parallel to the periodical direction of the foregoing one direc-
tional high density pattern are kept approximately equal, they
may be made variable responding to 1ts pitch.

In addition, 1n each of the above-mentioned embodiments,
the formation optical system to be employed for altering the
illumination condition of the reticle 1s adapted to include a
plurality of the diffractive optical elements; however instead
of these diffractive optical elements, for example, a plurality
of the lens elements having different aberrations may be
employed for replacement. Further, in case of employing the
first and second prisms 71 and 72 of which the periphery
forms a cone, altering the interval of the prisms 71 and 72, 1.¢.
the distance of each area, in which the intensity on the pupil
plane of the 1llumination system 12 1s enhanced, to the optical
axis BX allows the shape of each area to be changed respond-
ing to its alteration. Thereupon, when 1ts change quantity
exceeds a predetermined allowable value, for example, the
foregoing zoom lens, the foregoing cylindrical lens or the like
may be employed, thereby to suppress (lessen) a change 1n its
shape.

In addition, the projection exposure apparatus of FIG. 1
may employ a double integrator technique 1n which two opti-
cal integrators are arranged along the optical axis BX within
the 1llumination system 12, and these two optical integrators
differ from each other in 1ts kind. Additionally, 1n the above-
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mentioned embodiments, the distribution of amount of light
ol the 1llumination light on the pupil plane of the illumination
system 1s enhanced in a plurality of the areas; however, for
example, when the amount of light 1s reduced gradually, the
so-called area 1n which the amount of light 1s enhanced points
to the area 1n which the amount of light becomes equal to or
more than a predetermined value.

Additionally, 1n each of the above-mentioned embodi-
ments, 1n a case of employing vacuum ultra violent light
having a frequency of, for example, less than 180 nm or
something like 1t as the 1llumination 1L, the optical materal
ol the refractive member such as the substrate of the difirac-
tive optical elements 21,22,22A, and 22B, the glass substrate
composing the reticles R and RA, and the lens composing the
projection optical system PL 1s preferably formed of the
maternal selected from a group of fluonide crystal such as
quartzite (CaF,), magnesium fluoride, and lithrum fluoride,
quartz glass having fluorine and hydrogen doped, quartz glass
of which the structure determining temperature 1s 1200 K or
less, and yet of which the hydroxyl group concentration 1s
1000 ppm or more (for example, disclosed 1n Japanese Patent
No. 2770224 publication by filed this applicant), quartz glass
of which the structure determining temperature 1s 1200 K or
less, and yet of which the hydrogen molecule concentration 1s
1x10"" molecules/cm” or more, quartz glass of which the
structure determining temperature 1s 1200 K or less, and yet
of which the base concentration 1s 500 ppm or less, and quartz
glass of which the structure determining temperature 1s 1200
K or less, of which the hydrogen molecule concentration 1s
1x10"" molecules/cm” or more and yet of which the chlorine
concentration 1s 50 ppm or less (For example, disclosed 1n
Japanese Patent No. 2936138 publication by filed this appli-
cant (corresponding to U.S. Pat. No. 5,908,482)). On the
other hand, 1n case of employing the ArF excimer laser beam,
the KrF excimer laser beam or the like, it1s possible to employ
the synthesized quarts 1n addition to each of the above-men-
tioned substances as 1ts optical material.

Next, one example of the process for fabricating the semi-
conductor device using the projection exposure apparatus of
the above-mentioned embodiments will be explained with a
reference to FI1G. 24.

FI1G. 24 shows an example of the process of fabricating the
semiconductor device, and 1n FIG. 24, at first, a water W 1s
fabricated from a silicon semiconductor etc. Thereafter, a
photo resist 1s coated on the water W (step S10), and 1n a next
step S12, the reticle R1 1s loaded onto the reticle stage of the
projection exposure apparatus of the above-mentioned
embodiments (FIG. 1A or FIG. 18) to transier (expose) the
pattern (donated by a code A) of the reticle R1 (for example,
thereticle R of FIG. 2) to the entire shot areas SE on the water
WE with the scan exposure system. Additionally, the water W
1s for example, a waler having a diameter of 300 mm (12-1nch
waler), the shot area SE of which the width 1s 25 mm 1n the
non-scan direction and 33 mm 1n the scan direction respec-
tively, 1s of rectangular area. Next, 1n a step S14, by perform-
ing the developing, the etching, and the 1on implantation, a
predetermined pattern 1s formed 1n each shot area of the water
W.

Next, 1n a step S16, the photo resist 1s coated on the water
W (step S10), and thereaiter, in a next step S18, the reticle R2
(for example, the reticle RA of FIG. 11A 1s loaded onto the
reticle stage of the projection exposure apparatus of the
above-mentioned embodiments (FIG. 1A or FIG. 18) to trans-
ter (expose) the pattern (donated by a code B) of the reticle R2
(for example, the reticle R of FIG. 2) to the entire shot areas
SE on the water WE with the scan exposure system. In addi-
tion hereto, 1 a step S20, by performing the developing, the
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ctching, and the 10n 1mplantation, a predetermined pattern 1s
formed 1n each shot area of the water W.

The exposure step to the pattern formation step described
above (step S16 to step S20) are repeated by the number of
times necessary for fabricating the desired semiconductor
device. In addition hereto, through the dicing step of cutting
cach chip CP off the waler W one by one (step S22), the
bonding step, the packaging step (step S24) etc. the semicon-
ductor device SP 1s fabricated as a product.

In addition, the illumination system to be composed of a
plurality of lens and the projection optical system are built in
the main frame of the exposure apparatus to make an optical
adjustment, and the reticle stage and the waler stage to be
composed of a number of machine parts are mounted on the
main frame of the exposure apparatus to connect the wiring
cables and the pipes, and to further make a comprehensive
adjustment (electric adjustment, operational confirmation,
etc.), thereby enabling the projection exposure apparatus of
the above-mentioned embodiments to be manufactured.
Additionally, the projection exposure apparatus 1s desirably
manufactured in a clean room 1n which the temperature and
the cleanliness are controlled.

In addition, needless to say, the present invention can apply
not only to the case of making an exposure with scan exposure
type of the projection exposure apparatus, but also to the case
of making an exposure with the batch exposure type of the
projection exposure apparatus such as the stepper. The scale
factor of the projection optical system 1n these cases may be
a one-to-one factor, and may be an enlarged scale factor.
Further, the present invention can apply, for example, to the
case of making an exposure with the liquid-penetration type
of the projection exposure apparatus disclosed 1n interna-
tional Publication Number (WQO) 99/49504 etc. The liquid-
penetration type of the projection exposure apparatus may be
of the scan exposure techmque employing the reflective/re-
fractive type of the projection optical system, or may be of the
static exposure techmque employing the projection optical
system of which the projection scale factor 1s V4. In the latter
liqguid-penetration type of the projection exposure apparatus,
so as to form a large pattern on the substrate, the step and
stitch techmique explained in the above-mentioned embodi-
ment 1s preferably employed.

Additionally, the application of the liquid-penetration type
ol the projection exposure apparatus of the above-mentioned
embodiment 1s not limited to that of the exposure apparatus
for fabricating the semiconductor element, and for example, 1t
can be widely applied for the exposure apparatus for the
display apparatus such as the liquid display element or the
plasma display, which 1s formed on the angular glass plate, or
the exposure apparatus for fabricating the various devices
such as the imaging element (CCD etc.), the micro-machine,
the thinly coated magnetic head, and the DNA chip. Further,
the present invention can apply to the exposure step (exposure
apparatus) in fabricating the reticle having the reticle pattern
of the various devices using the photolithography step.

The aforementioned disclosures of all the United States
patents etc. are incorporated herein by reference, as far as the
national laws of the designated states designated in the
present international application or the elected states elected
in the present international application permut.

The present mvention 1s not limited to the above-men-
tioned embodiments, and the mvention may, as a matter of
course, be embodied 1n various forms without departing from
the gist of the present invention. Furthermore, the entire dis-
closure of Japanese Patent Applications 2003-105920 filed on
Apr. 9, 2003, 2003-299628 filed on Aug. 25, 2003, 2003-
307806 filed on Aug. 29, 2003, 2003-329194 filed on Sep. 19,
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2003, 2003-329309 filed on Sep. 22, 2003 including descrip-
tion, claims, drawings and abstract are incorporated herein by
reference 1n 1ts entirety.

INDUSTRIAL APPLICABILITY

In addition, 1n accordance with the method of fabricating
the device, the device including the various patterns can be
manufactured with a high precision and yet with a high
throughput.

In addition, 1n the method of fabricating the device of the
present invention, when the distribution of amount of light on
a predetermined plane with regard to the 1llumination system
1s set so that the amount of light 1s enlarged 1n a predetermined
three areas, the device including the one-direction mass pat-

tern can be fabricated at a high precision.

The mvention claimed 1s:
1. An exposure method for 1lluminating a pattern with an
illumination system to expose a substrate through a projec-
tion system, the method comprising:
illuminating the pattern with 1llumination light having a
light amount distribution which 1s set such that an
amount of light 1s larger 1n each of two first areas than 1n
a third area and an amount of light is larger in each of two
second areas than in the third area, the third area being an
area other than the two first areas and the two second
areas on a pupil plane of the i1llumination system, the two
first areas being 1n line so that a first straight line inter-
connecting the two first areas passes through an optical
axis and the two {irst areas are located approximately at
the same distance from the optical axis along the first
straight line, the two second areas being 1n line so that a
second straight line orthogonal to the first straight line at
the optical axis interconnects the two second areas and
passes through the optical axis and the two second areas
are located approximately at the same distance from the
optical axis along the second straight line; and

projecting an image of the illuminated pattern onto the
substrate by the projection system,

wherein the light amount distribution 1s generated by a

formation optical system which 1s provided on an inci-
dent side of the pupil plane in the 1llumination system,
the third area includes the optical axis on the pupil plane,
cach of the two first areas 1s surrounded by the third area
and each of the two second areas 1s surrounded by the
third area,
distances from the two second areas to the optical axis are
smaller than distances from the two {first areas to the
optical axis,

an amount of light 1s smaller 1n each of the two second

areas than in each of the two first areas, and

the first straight line passes through only the two first areas

and the third area without passing through any of the
second areas.

2. The exposure method according to claim 1, wherein

the two first areas are approximately symmetrically

arranged with respect to the optical axis on the pupil
plane.

3. The exposure method according to claim 2, wherein

the two first areas are arranged on the first straight line

passing through the optical axis and being parallel to a
first direction on the pupil plane.

4. The exposure method according to claim 2, wherein

the two second areas are approximately symmetrically

arranged with respect to the optical axis on the pupil
plane.
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5. The exposure method according to claim 4, wherein

a size of each of the two second areas 1s smaller than a s1ze
of each of the two first areas.

6. The exposure method according to claim 1, wherein

the 1llumination light distributed 1n the two first areas 1s
substantially linearly polarized light.

7. The exposure method according to claim 6, wherein

a direction of the linearly polarized light approximately
coincides with a tangent direction.

8. The exposure method according to claim 1, wherein

the light amount distribution 1s used 1n an i1llumination for
the pattern which 1s periodical 1n one of two directions
orthogonal to each other and 1solated 1n the other of the
two directions, and the one of the two directions
orthogonal to each other corresponds to a first direction.

9. A device manufacturing method, comprising:

exposing the substrate by the exposure method as recited 1n
claim 1;

developing the exposed substrate; and

processing the developed substrate.

10. An exposure apparatus, comprising:

an 1llumination system which 1lluminates a pattern;

a projection system which projects the pattern onto a sub-
strate; and

a formation optical system which changes a light amount
distribution of illumination light on a pupil plane of the
illumination system and which generates a light amount
distribution in which an amount of light 1s larger 1n each
of two first areas than 1n a third area and an amount of
light1s larger 1n each of two second areas than in the third
area, the third area being an area other than the two first
areas and the two second areas on the pupil plane of the
illumination system, the two first areas being in line so
that a first straight line interconnecting the two first areas
passes through an optical axis and the two first areas are
located approximately at the same distance from the
optical axis along the first straight line, the two second
areas being 1n line so that a second straight line orthogo-
nal to the first straight line at the optical axis intercon-
nects the two second areas and passes through the optical
ax1s and the two second areas are located approximately
at the same distance from the optical axis along the
second straight line,

wherein the formation optical system 1s provided on an
incident side of the pupil plane 1n the i1llumination sys-
tem,

the third area other than the two first areas and the two
second areas mncludes the optical axis on the pupil plane,

cach of the two {first areas 1s surrounded by the third area
and each of the second areas 1s surrounded by the third
area,

distances from the two second areas to the optical axis are
smaller than distances from the two {first areas to the
optical axis, and an amount of light 1s smaller in each of
the two second areas than 1n each of the two first areas,
and

the first straight line passes through only the two first areas
and the third area without passing through any of the
second areas.

11. The exposure apparatus according to claim 10, wherein

the two first arecas are approximately symmetrically
arranged with respect to the optical axis on the pupil
plane.

12. The exposure apparatus according to claim 11, wherein

the two first areas are arranged on the first straight line
passing through the optical axis and are parallel to a first
direction on the pupil plane.
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13. The exposure apparatus according to claim 11, wherein

the two second areas are approximately symmetrically
arranged with respect to the optical axis on the pupil
plane.

14. The exposure apparatus according to claim 13, wherein

a size ol each of the two second areas 1s smaller than a size
of each of the two first areas.

15. The exposure apparatus according to claim 14, wherein

the formation optical system can change the light amount
distribution by at least one of movement of an optical
clement and exchange of optical elements.

16. The exposure apparatus according to claim 10, wherein

the 1llumination light distributed in the first areas 1s sub-
stantially linearly polarized light.

17. The exposure apparatus according to claim 16, wherein

a direction of the linearly polarized light approximately
coincides with a tangent direction.

18. The exposure apparatus according to claim 10, wherein

the light amount distribution 1n which the amount of light
1s made larger 1n the two first areas and the two second
areas 1s used 1n an i1llumination for the pattern which 1s
periodical 1n one of two directions orthogonal to each
other and that 1s 1solated in the other of the two direc-
tions, and the one of the two directions orthogonal to
cach other corresponds to a first direction.

19. A device manufacturing method, comprising;:

exposing the substrate with the exposure apparatus as
recited 1n claim 10;

developing the exposed substrate; and

processing the developed substrate.
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